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When Mendel's findings were originally applied to animals, 
only qualitative traits were considered. It soon was realized 
that the genetic basis for production traits could not be 
simply defined in terms of exact genotypes if only a few loci 
and no multiple allelism is assumed. A quantitative approach 
for such traits based on Mendelian principles was first pro­
posed by Fisher (1918) and later by Wright (1921). 
Fisher (1918) worked out a gene model which allowed for 
dominance at a single locus in addition to the simple addi­
tive type of gene action. His model provided for deviations 
from the simple additive effect between loci, similar to 
dominance at one locus, if more than one locus affects a given 
trait. Wright (1921), by path coefficient analyses, devised 
a process of scoring the gametes and zygotes that also pro­
vided for additive and dominance effects of genes. He 
recognized the need to consider interallelic interaction or 
epistasis in a quantitative genetic model. 
The concepts of partitioning the total variation on an 
intra-locus basis were extended by Cockerham (1954) and 
Kempthorne (1955) who showed that the intra and inter-locus 
variance could be partitioned into n(n+3)/2 parts, where n 
is the number of loci. Because n is usually unknown for 
specific quantitative traits, only the relative magnitude of 
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this parameter is of interest. The practical use of these 
parameters is in expressing the relationship between rela­
tives as a function of these parameters. 
Kempthorne (1955) solved the general problem of partition­
ing the covariance between relatives for an arbitrary number 
of loci, alleles, and degree of dominance and epistasis. He 
demonstrated that the covariance between relatives under ran­
dom mating in the absence of linkage, sex-linked or maternal 
effects is, 
' pi Vd^ 
1 £ p + q £ n 
where r^^ is the numerator of Wright's coefficient of relation­
ship or twice Malecot's coefficient of parentage (Malecot, 
1948) , d^j is the fraction of gene pairs that are identical 
by descent and o is the covariance between the records 
made by tne i^^ and individuals. 
Recently, Willham (1963, 1972) extended the "likeness" 
between relatives to the case where maternal effects are con­
sidered. Bohidar (1964) earlier included sex-linkage effects 
in the model. Selection is predicted to increase the mean of 
a population in proportion to the product of the selection 
differential and heritability. Because heritability estimates 
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are obtained from the likeness between relatives, the im­
portance of the concepts developed by Fisher, Wright, 
Kempthorne and others become evident. Although the prediction 
equation frequently gives results near expectation, Dickersor. 
(1951) and Kottman (1952) reported cases in swine where the 
population mean increased little in spite of sizeable 
selection differentials. Lerner (1951) and Lerner and 
Dempster (1951) presented similar evidence for some traits in 
chickens. This raises a question about the limitation of 
heritability estimates in predicting gains from selection, 
especially when the estimates of additive genetic variance 
is large. Other explanations should be searched to account 
for these discrepancies. Lush (1951) explained such dis­
crepancies in terms of overdominance, epistasis, negative 
genetic correlations and counteracting natural selection. 
Because practical breeders are faced with the problem of 
selecting for multiple traits, the genetic correlations be­
tween them may be important. For example, if genes have 
a positive effect in one trait and a negative effect in 
another, simultaneous selection for both traits might not 
change gene frequency at all. 
Many estimates for additive components of genetic vari­
ance have been reported in poultry for several traits. On 
the other hand, very few estimates have been reported for 
nonadditive genetic components. 
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Heritability may be estimated by doubling the regression 
of offspring on parent, or by multiplying the correlation 
among half-sibs by four. Other methods for estimating heri­
tability are frequently subject to larger sampling errors be­
cause the appropriate kind of data is usually limited. It is 
recognized that the magnitude of the nonadditive fraction of 
genetic variance may bias the estimates of heritability in 
the narrow sense (Lush, 1948), and probably most heritability 
estimates reported in the literature contain some nonaddi-
tivity. If nonadditive genetic components are large in rela­
tion to the additive component, alternative selection programs 
might be proposed which would permit greater efficiency from 
selection. Reliable information on the magnitude of both 
additive and nonadditive genetic components of variance is 
clearly needed for several economically important traits of 
the egg-type chickens as well as for other domestic species. 
The principal objective of the present study was to 
estimate, by a weighted least squares procedure, the additive, 
dominance, maternal and sex-linkage effects in two populations 
of chickens. 
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REVIEW OF LITERATURE 
Inheritance of Basic Traits 
Body weight inheritance 
The genetic aspects of body weight and growth have been 
studied by many workers. Although body weight at any age is 
a function of initial body weight and rate of growth, most 
research workers relate body weight and age in a linear 
manner (Testing, 1964). 
Siegel (1962), in a summary of 176 heritability estimates 
found that the median heritability estimate of body weight 
between 6 and 12 weeks of age was 0.41. Kinney (1969) sum­
marized the heritability estimates reported in the literature, 
according to ages and classes of breeds. Some of the esti­
mates for body weight are given in Table 1. In spite of the 
variation of the estimates attributable, possibly to methods 
of estimation or to sampling, a large part of the actual varia­
tion is additive, which implies that body weight should 
respond readily to mass selection. 
Body weight, nevertheless, may also be influenced by 
single major genes. Jaap and Grimes (1956) found that the 
dominant white plumage gene and the extension for black were 
associated with growth suppression amounting to about 0.03 
to 0.04 pounds in younger birds. Similarly, Jerome et 
(1956) reported that the dominant white gene suppresses growth 
but Smith and Nordskog (1963) showed that the reduction in 
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Table 1. Heritability estimates of body weight of egg laying 
strains (Kinney, 1969) 
Traits g D S+D b^ Realized -g g-
8BW 0.52+0.05 - - - - 188 728 
0.26+0.31 0.69+0.39 - - - 100 500 
0.48+0.09 - - - - 684 2,364 
0.43+0.10 - — — — 684 2,364 
0.66+0.93 - — — — 40 600 
0.41+0.68 - — — — 40 600 
0.29 0.69 — - — 300 1,500 
0.22 0.35 — — — 60 260 
0.10 0.58 0.35 0.36 0.27 64 380 
0.67+0.03 - — 436 1,897 
0.40+0.09 0. 57+0.08 0.48 105 300 
0.69+0.13 0. 56+0.09 0.63 - - 105 300 
0.28+0.08 0. 64+0.09 0.46 - — 105 300 
0.74+0.13 0. 57+0.09 0.65 - - 105 300 
- - 0 . 48+0.06 - — 230 2,270 
_ _ 
— — 0.43+0.04 115 1,135 
^S, D and S+D refer to estimation by paternal and 
maternal half-sib and full-sib correlation, respectively, b 
refers to estimation by parent-offspring regression. ^ 
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growth rate is conditioned by the genetic background of the 
bird. This also was demonstrated by Briles (1957) and Briles 
et al. (1953) for the B blood group locus, 
Nonadditive genetic effects on ten-week body weight have 
been reported by Yao (1961) from diallel crosses of inbred 
lines of chickens. Hazel and Lamareux (1947), from three sets 
of diallel crosses, concluded that 5 percent of the total 
variation in 22 week body weight was due to maternal effects 
but no sex-linkage effects were detected. Kan et (1955), 
in a series of diallel crosses, concluded that nonadditive 
gene effects were of little importance in determining body 
weight at 4 or 9 weeks but Jerome et al. (1956) found some 
evidence for nonadditive effects in adult body weight; 
dominance reached 40 percent of the genetic variance. Study­
ing the types of gene action on body weight in a diallel 
mating system between New Hampshire and Silver Oklabar broilers, 
Brunson et (1956) found that 43 percent of the phenotypic 
variance was genetic, of which 41 percent was additive and 2 
percent nonadditive. In addition, 10 percent was attributable 
to sex-linkage and 2 percent to maternal effects. Similarly, 
Cock and Morton (1963) reported maternal and sex-linkage 
effects on adult body weight. 
Additional information of the inheritance of body weight 
has come from heterosis and inbreeding depression. Merritt and 
Gowe (1960) concluded that heterosis was exhibited by most 
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broiler traits including body weight at different ages. 
Nordskog and Ghostley (1954) reported that the hybrid vigor, 
in growth to 8 weeks of strain crosses and crossbreds, was 4 
to 7 percent, respectively. A nonsignificant regression of 
-1.04 grams of body weight per unit of inbreeding reported 
by Blow and Glazner (1953) lead them to conclude that non-
additive effects were of little importance. 
Selection experiments have demonstrated the high heri-
tability of body weight. Maloney et (1953), in a two-way 
selection experiment for 12 week body weight in broilers during 
10 generations, including 5 generations of relaxed selection, 
showed that the response was marked but asymmetrical. The 
phenotypic variation decreased in both lines, but more so in 
the high line. In spite of this, the response to selection 
remained nearly constant throughout the experiment. 
In four generations of a two-way selection experiment 
with broilers, Siegel (1962) found that the response to 
selection was immediate and marked in both directions. 
Heritabilities estimated in each generation by selection 
responses and parent-offspring regression indicated that 
epistatic variance was of minor importance. In a sib-analysis 
heritabilities estimated from sires were smaller than those 
from dam components. This was attributed to dominance or to 
maternal effects. 
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In a selection experiment in turkeys to increase body 
weight at different ages, Abplanalp et al. (1963) developed 
four lines: an unselected control, a line selected for large 
8-week body weight, a line selected for large 24-week body 
weight and one selected on an index designed to increase 8-
week body weight holding 24-week body weight constant. From 
the heritability estimates the expected response was com­
puted and compared with the observed results. The latter 
was somewhat larger but in agreement with the predicted 
results. 
In a 7-generation experiment for single traits in Leg­
horns, Resting (1964) found that the response to selection 
in the body weight lines was immediate, large and linear. How­
ever, the average 32-week body weight of crosses between two 
divergently selected lines tested in generation 6 was lower 
than the combined mean of the pure strains. 
Casey (197 0) showed that selection caused no linear 
trends in the estimated heritabilities and genetic variances 
but caused a marked linear decline in the covariances and 
estimated genetic and phenotypic correlations between body and 
egg weight. 
Body weight and growth may also be influenced by date 
of hatch. Upp and Thompson (1927) found that birds hatched 
10 
from November to May grew faster to 11-weeks than birds 
hatched from May to September but hatch effects tended to 
disappear by 23-week. Jaap and Morris (1937) found no sig­
nificant differences between hatches with regard to 8-week 
body weight in six breeds and varieties hatched from 
January to March. In contrast, Lerner and Asmundson (1938) 
claimed that early hatched birds grew faster than late 
hatched birds but they were not able to demonstrate a consis­
tent trend from hatch to hatch. 
Waters and Bywaters (1943) showed that hatches affected 
body weight nearly at all ages. However, the differences did 
not indicate a consistent advantage in growth of the early 
hatched birds. Kempster (1938, 1941) showed that date of 
hatch had little influence on mature body weight. Similarly, 
Wyatt (1953) found that hatch had little influence on 8, 20 
and 32 week body weight. Although no consistent results are 
available in the literature,it seems that other variables such 
disease, year differences, management and pen differences can 
cause birds from different hatches to differ in growth. The 
difference between hatches may, therefore, measure effects 
other than the seasonal trend. In general, the genetic 
correlations between body weight at different ages are higher 
than the phenotypic correlations indicating significant 
environmental effects on the total correlation (Table 2). 
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Table 2. Genetic, environmental and phenotypic correlations 
between body weight at different ages 
Author Trait 1 Trait 2 r^ 
e 
Hale (1961) 8BW 
King et al. 8BW 
(1963) 

































March 1.11 +0.16 (high lines) 
1.10^+0.11 (low lines) 
a ^  .  Sire component. 
Dam component, 
'Combined estimate. 
Parent offspring regression. 
'Realized genetic correlation. 
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Shank length 
Body size is usually measured by simply weighing birds 
and usually no distinction is made between size and weight. 
Yet, the latter is determined by both bone size and degree of 
fleshing. Shank length may be a better indicator of genetic 
body size than body weight. The genetic correlation between 
shank length and body size is high (Abplanalp et , 1960, 
Merritt and Gowe, 1962, Merritt, 1966, Tierce, 1973) . Because 
of the high genetic correlation, Lerner stated that simul­
taneous selection for high body weight and short shank length 
would be impossible. 
Because shank length is related to growth and body con­
formation, the literature of shank length deals mostly with 
meat-type chickens. The heritability estimates of shank 
length are in the same range as those estimated for body 
weight (Lerner et ^ ., 1947, El-Ibiary and Shaffner, 1951, 
Abplanalp et ^ ., 1960). Casey (1970) found an average 
heritability of 0.44, 0.39 and 0.49 for shank length, condition 
index (BW/SL) and housing body weight, respectively. Because 
of the high correlation between condition index and body 
weight he concluded that the condition index is influenced by 
the same effects as body weight itself. 
Selection experiments conducted by Lerner and Dempster 
(1951) showed that shank length increased the first half of 
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the experiment but not the later half although the esti­
mates of heritability during the later period seemed to re­
main constant. Negative correlations between shank length and 
hatchability and a lower reproductive rate of parents with 
genotypes for longer shanks, lead them to suggest that an 
equilibrium between natural selection and artificial selection 
was reached. 
Linear body measurements have been used as an indicator 
of condition and body conformation. Jaap (1938) suggested 
the ratio of shank length to the cube root of body weight 
as a measure of shape or conformation; he observed good agree­
ment between a subjective score of conformation and this ratio. 
The mean of the ratio was correlated with the ratio of 
edible flesh to dressed weight (Jaap, 1941) . In contrast, 
Frischknecht and Jull (1946) reported that this ratio was not 
a good measure of breast meat quantity. 
Casey (197 0) studied the ratio of the cube root of 
body weight and shank length as a measure of condition in 
Leghorns. This measure was lowly heritable. Nordskog and 
Briggs (1568) suggested that a useful measure of condition of 
a flock should reflect mainly differences in environment and 
to a lesser extent genetic differences. 
Because differences in condition may be caused by dif­
ferential flesh and fat deposition, measures of condition 
should be studied in relation to lipid content of deboned 
14 
carcasses as suggested by Casey (1970). Such studies might 
lead to a truer measure of condition in live birds and would 
make possible a more accurate evaluation of the effect of 
condition on egg production and other traits of economic 
importance in layer-type chickens. 
Egg weight 
The size of the first egg laid by a pullet is relatively 
small, but size increases to near a maximum after about 6-8 
weeks of production. The speed which a pullet reaches mature 
egg size depends on many factors. Wehrli and Nordskog (1963) 
showed that most of the variation in rate of egg weight 
increase is nongenetic. 
Egg weight is a highly heritable trait (Table 3). The 
reported heritability estimates are equal to or exceed those 
reported for body weight. In some instances nonadditive ef­
fects on egg weight have been observed (King, 1961); although 
Goodman and Jaap (1961) and Yao (1961) found little evidence 
for nonadditivity. Sex-linkage has been demonstrated by a 
large sire component of variance (Jerome et aJL. 1956, Hogsett 
and Nordskog, 1958, and Redman and Shoffner, 1961). In con­
trast, King (1961) reported a large dam component which he 
interpreted as evidence of maternal effects. 
Further information about egg weight inheritance can be 
deduced from selection experiments. Snyder (1945) and Olsen 
and Knox (1940) reported that egg weight responds well to 
15 
Table 3. Heritability estimates of egg weight 
Author h Parent-. 2  , 2  d (s+d) Offspring time 
Age or 
Shoffner and Sloan 
(1948) 0.61 April 
Wyatt (1953: 0.52 March 
Jerome et al. (1956) 0.62 0.56 0.59 Fall 
Lerner and Cruden 
(1951) 0.60 0.50 0.61 
0.48 0.36 0.61 




Hogsett and Nordskog 
(1958) 0.85 0.52 0.68 0.35 Mature 
Hale (1961) 0.67 0.75 0.71 March 
j\xriy V x:70x / 3 2 weeks 
Redman and Shoffner 
(1961) 0.36 0.26 0.26 Average 
Jaap et aA. (1962] 0.60 





selection. Two-way selection experiments demonstrated that 
the response is asymmetrical (Waters and Weldin, 1929, Festing, 
1964, Casey, 1970). After the third generation of selection 
Shultz (1953) found that the response to selection was still 
strong. The two lines selected in opposite directions dif­
fered by 12 grams in egg weight. A decline in eqg weight 
was observed by the end of this experiment which probably 
was due to inbreeding depression. 
Egg production 
Over hundreds of years of domestication, the fowl has 
been developed into the high egg laying machine found today. 
However, selection for improved egg production in chickens over 
relatively short periods of time may not always produce con­
sistent results as demonstrated by Nordskog et al. (1967). 
use part-year egg production as a basis of selection. 
Yamada et (1958) found, from a regression analysis, that 
selection on the part-record increased production for the first 
five years, after which the population seemed to plateau. 
Realized gains were lower than these predicted on the basis 
of heritability estimates because some attention was paid to 
egg size; this may have offset the expected response in 
production. 
Gowe and Strain (1963) found that part-year selection 
for egg production was slightly effective in two strains of 
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White Leghorns. No response was observed in one strain over 
the last four generations; similar results were observed by 
Abplanalp et al. (1964) . Morris (1963) found that the ex­
pected selection differential had usually been realized and 
that natural selection seemed to have counteracted artificial 
selection. Bohren (1970) suggested that the plateaued popu­
lation of Gowe and Strain (1963) and Morris (1963) resulted 
from simultaneous selection on egg weight. In contrast, Hale 
and Clayton (1965), in a reciprocal recurrent selection ex­
periment involving Light Sussex and Brown Leghorn flocks, 
showed little if any response to selection for egg production 
to 450 days. Similar results were reported by Casey (1970). 
Friars ^  al. (1962) reported no increase in egg produc­
tion from selection over 10 generations. Selection was based 
on five different traits in a dominant white broiler strain. 
In contrast, Morris (1963) found evidence for a decline 
in the genetic variation of egg production in a population 
selected for that trait. Likewise, Yamada ^  a^. (1958) re­
ported a sharp decline in the genetic variance for production 
during the first half of a ten-year selection experiment. 
18 
Inheritance of Derived Traits 
Egg mass 
Egg mass output is estimated as the product of egg num­
ber and average egg weight or the product of rate of egg 
production and average egg weight. There is a physiological 
limit in the total egg mass output per pullet because food 
intake is limited by body size. The food consumed is used 
for body maintenance and for egg production. Body size 
influences egg mass mainly by its influence on egg weight. 
If birds produce a total of egg mass approaching a physio­
logical limit, a genetic increase in egg number would result 
in a decrease in egg weight. Thus, selection for high egg 
production alone would not be practical because egg weight 
would decline (Bohren, 1970), 
Waring et al. (1962) concluded that egg mass and egg 
number are different measures of the same basic characteristic. 
Hicks (1953) reported that variance in egg number was rela­
tively more important than variance in egg weight in deter­
mining variance in egg mass. Using the genetic parameters 
reported by Waring et (1952), Bohren (1970) reported that 
positive gains could possibly be made in both egg number and 
egg weight by selecting on egg mass if the two component 
traits were weighted properly. 
19 
Efficiency of production 
Gross efficiency is defined as the ratio of nutrient 
units in a product to the total nutrient intake from food 
consumed. However, efficiency can also be measured in terms 
of specific nutrients in the feed. The feed efficiency for 
egg laying hens is commonly measured as: (1) pounds of feed 
to produce a dozen eggs and (2) pounds of feed per pound 
of eggs. In practice, efficiency should be measured as a 
performance index which reflects differences in market values 
and cost of production in addition to feed consumed (Nordskog 
et al., 1967). Because feed is the largest cost item of pro­
duction, it is a major factor in an overall performance. 
On the other hand, whether it should be measured directly or 
indirectly from correlated traits is still an open question 
(Nordskog et al., 1959). 
The question breeders face is whether the additional 
work required to estimate feed consumption enhances the esti­
mation of performance enough to justify its measurement. 
Because feed efficiency is highly correlated with production 
output, as egg mass or broiler weight gains, there remains 
doubt of the real value of feed consumption measurement in 
a breeding plan. Morgan and Carlson (1968) stated that those 
interested in selection for efficiency must consiider percent 
production, egg size, body weight and feed consumption. 
Harris (1969) stated that the increase in the egg mass/ 
20 
feed consumption ratio in an experiment of selection in­
volving the Cornell Random Bred White Leghorn resulted pri­
marily from a decline in body weight. Arboleda (1971) con­
cluded that an index including feed consumption records was 
only 9 percent more efficient than an index without feed 
records in truncation selection. He also showed that feed 
consumption as predicted from a regression on breeding values 
of egg mass and body weight might also be used in a selection 
index. 
Complex traits 
When selection is based on a complex trait, i.e., 
efficiency index, the changes in the individual components of 
the index would not be under control. For multiplicative 
components a linear efficiency index can be obtained by 
_Lkvya.j_ J. Ciaii-Lc Cj. ciiio j. wj. itia L.xv_;ii ciiiu. uiic co l-iic uc» 
can be controlled by arbitrary weights. Suppose an index is de­
fined as the ratio of egg mass to body weight (Effic = EM/BW). 
The logarithmic transformation is 
log Effic — log EV* I log Rate log DW 
or simply 
Effic = + P3 
where P^ is the negative log of BW. Arbitrary weights can be 
attached to the individual traits so that actual changes can be 
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controlled by the breeders. Such a selection index is 
I = + WgPg + WgP] " (Bohren, 1970) 
However, if the aim is to maximize genetic gains, more 
information would be needed for the index including the 
economic values of each trait and the phenotypic and 
genetic variance-covariance matrix of the traits. 
Components of Genetic Variance 
and Covariance 
Maternal and sex-linkage effects have been deduced from 
statistical analyses of structured populations. Sex-linkage 
has been deduced from a larger sire than dam component of 
variance (Jerome ejt c^. , 1955, Hogsett and Nordskog, 1958). 
Similarly, a larger dam than sire component of variance has 
j j e e i l  U J D t i U  L U  u e u u v e  l u a u c i - i i a a .  ,  x - z u x /  i x x i i y  u  
1963). 
In a carefully designed experiment (Briggs and Nordskog, 
1973) tested for maternal and sex-linkage effects in chickens. 
Similarly, in mammals, the cross-fostering technique in de­
signed experiments have been used to deduce maternal effects 
on the body weight (Cox et , 1959, Cox and Willham, 1962, 
Young et aJ., 1965). 
Cockerham (1954) examined the type of variation that may 
influence the relationship between two individuals. He 
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2 
suggested that the dam-offspring covariance (1/2 a + 
2 ° 
1/2 Og + 5/4 Pq  Q  0 Og ), accompanied by sire-offspring 
m o m o m 
2 
covariance (1/2 a + 1/4 p^ ^ ), and the paternal half-
Go 2 o m 
sib covariance (1/4 o ), can be utilized to estimate the two 
Go 
genetic standard deviations (o and ) and the genetic 
^o 
correlation (p„ _ ). In this study, dominance, epistatic and 
sex-linkage effects were assumed to be zero. 
Koch and Clark (1955) used the theoretical composition 
of dam-offspring, sire-offspring, and paternal and maternal 
half-sib correlations to estimate the influence of maternal 
environment and the direct-maternal genetic correlation on 
the performance of the offspring. Because the number of 
genetic parameters to be estimated exceeded the number of equa­
tions, the equations did not yield a unique solution; instead 
a range of values was determined for each genetic component. 
The results obtained from this study indicated that a negative 
direct-maternal correlation (p_ . ) may exist for some traits 
GoGm 
of economic importance in beef cattle. 
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between relatives with an arbitrary number of loci and alleles, 
dominance and epistasis. He also considered genetically 
determined maternal effects under the control of a single 
locus with pleiotropic effects. 
Bohidar (1964) partitioned the covariance between relatives 
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of each sex considering jointly the autosomal and sex-linkage 
genes. 
Willham (1965) examined the theoretical composition of 
the covariance between relatives when maternal effect was in­
volved. An investigation of several relationships between 
relatives involved in his study indicated that various cousin 
relationships were well-suited for the study of genetic 
maternal effects. 
Willham (1964) also indicated that the problem of ob-
2 taining estimates of maternal effect variance (a^ ) and the 
m 
covariance between maternal and direct effects (a(A^A^)) can 
be solved by using grandoffspring of a set of bulls. Although 
the relationship of these individuals is rather low, the esti­
mates are shown to be free from environmental correlations. 
Falconer (1965) showed that the inconsistency in heri-
tability estimates from dam-daughter regression (zero) , full-
sib correlation (21%), and response to selection (24%) could 
be attributed to maternal effects. Maternal effect (M) was 
defined as a linear function of the mother's phenotype value 
(P') such that M = m"', where m is the regression relating 
phenotypic values of daughters to their mothers in the absence 
of genetic variation of mothers. 
Eisen (1967) proposed three mating designs to yield 
different types of relatives. The expected genetic covariance 
between relatives (in the absence of epistasis) may be utilized 
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to estimate eight genetic components and two environmental 
parameters. These estimates may be obtained by employing 
either a weighted or nonweighted least squares procedures. 
Bondari (1971) investigated the genetic maternal influence 
on pupa weight and family size in population of Tribolium 
castaneum. He used three different designs to provide in­
formation on one sire component of variance and two different 
grandsire components of variance. Solving a set of three 
linear equations, he stated that a negative covariance between 
the direct and maternal effects (a^ ^  ) exists for both pupa 
o m 
weight and family size. 
Everett and Magee (1965) investigated the maternal 
ability and genetic ability of birth weight and gestation 
length of Holstein calves. Grand-offspring of paternal 
grandsires, paternal half-sibs, grand-offspring of maternal 
grandsires, and maternal and paternal grand-offspring of a 
grandsire were utilized to estimate genetic parameters as 
computed by Willham (1963). The genetic correlation between 
genetic ability and maternal ability of both traits was -0.93. 
Hill ^  al. (1956) studied the relative importance of 
the calf's genotype for weight (180-day), and the dam's 
genotype for maternal effect on calf weight. The covariances 
between paternal and maternal half-sibs, one-quarter sibs and 
dam-offspring were utilized to estimate genetic parameters. 
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Dominance, epistasis and nonraaternal environment correlations 
were assumed to be negligible. The results indicated that 
the additive genetic variance for weight, maternal effects 
and the genetic covariance between additive and maternal 
effects for weight were 100, 91, -30, respectively. Thus, 
there was an almost equal contribution of the genotype of the 
calf and the genotype of his dam for maternal effects on 
180-day weight. 
Van Vleck and Hart (1566) utilized the covariances among 
first-lactation milk records expressed as a deviation from 
herd mate average of Holstein cows to determine the importance 
of genetic maternal effects. Mating patterns which yielded 
several kinds of relationships between relatives were utilized 
to estimate six genetic parameters. The results indicated 
that the additive genetic variance, accounting for 38 percent 
of the total variance, was the only important parameter for 
the first lactation milk production. 
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MATERIALS AND METHODS 
The Data 
The four Leghorn lines used for this study, A, , Q2, 
and Q^, come from previous or current selection experiments 
carried out at Iowa State University. Because a full descrip­
tion of line A has been given by both Testing (1964) and Casey 
(1970), only a short review will be given here. 
Leghorn line A was selected for rate of egg production 
to 32 weeks of age using an index containing information on an 
individual's own record, and its full-sib and half-sib family 
average (Osborne, 1957a; 1957b). Sires were selected from 
families having the largest number of selected pullets. 
The base population of the Leghorn Q lines consisted-of 
cross progeny from matings of A line females to males of a high 
egg weight line D and to males of line G selected for lev; body 
weight and high egg weight. Approximately, equal numbers of 
breeders from these two crosses formed the base population for 
lines Qg and Q^. In the first year, each of the males 
from one of Q line foundation crosses (DxA or GxA) were mated 
to eight females, of which one was a full-sib to the sire, 
one a half-sib, and six nonsibs from one of the foundation 
crosses. Line was selected on the same basis as line A, 
i.e. rate of egg production to 32 weeks of age. Line Q2 was 
3/2 . 3/4 
selected on an index ratio, (egg weight) /(body weight) 
and line Q_ was selected on an index, rate of egg production 
27 
X (egg weight)(body weight) 
For the purpose of this study, the Q lines were con­
sidered as a single population but all analyses were made on 
an intraline basis. In succeeding generations the chicks were 
pedigree-produced according to line designation, Q^, or 
Qg. The Osborne index was used within each line and each male 
was mated to two full-sibs, two half-sibs and four unrelated 
females. The selection criteria and number of male and fe­
male breeders in each generation and line are given in Table 
4. 
Table 4. Origin of lines, selection criteria and number of 
breeders 
Line Year of available Selection^ Breeders/gen. 
analyses ^ 0^^ 
A 1956 12 H-EP 16 10-14 
Ql 1968 4 Rate = H-EP - .1 8 
02 1968 4 Ratio = 12 8 
03 1968 4 Eff. = Rate X Ratio 12 8 
^1956 is designated generation zero for line A and 1968 
generation zero for the Q linesc 
'^H-High, EP-Egg Production, EW-Egg Weight, BW-Body Weight. 
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Management of Stock, Traits, and 
Population Sizes 
The chicks were produced each year in two or three 
hatches spaced two weeks apart. They were pedigree hatched, 
individually wing banded and reared intermingled to eight 
weeks of age and then put on a summer range. At approximate­
ly twenty weeks, records were taken on body weight and shank 
length after which the birds were housed in pens of 200-400 
birds. The pullets were trapnested two days per week during 
twelve weeks at the end of which time the breeders were 
selected. Natural matings in floor pens was used for line A 
and artificial insemination was used for the Q lines. 
The traits studied as well as the units of measurements 
are given in Table 5. Individual egg weights were estimated 
by averaging eggs collected on four consecutive trapnest 
days at 32 weeks. Hen-day egg production rate was measured 
by the number of eggs laid divided by the number of trapnest 
days. The number of trapnest days was counted from the day 
the first egg was laid. The Condition Index was calculated 
from the ratio of housing body weight to shank length (Casey, 
1970). The ratio of egg weight to body weight measures the 
grams of egg mass produced per day per kg of body weight. 
When this is multiplied by rate of egg production, it defines 
the Efficiency Index which is equivalent to grams of egg mass 
produced per unit of body weight. 
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Egg weight and body weight 
traits 
8 week body weight 8BW 8 kg 
Housing body weight HBW 20-22 kg 
Shank length SL 22 cm 
32 week body weight 32BW 32 kg 
32 week egg weight 32EW 32 g 
Condition index - BW/SL COND 20-22 kg/cm 
Ratio - EW/BW RATIO 32 g/kg 
Production traits 
Partial rate of egg 
production Rate-p 21-32 % 
Residual rate of egg 
production 32-66 * 
Total rate of egg 
production Rate-T 21-66 % 
Egg mass EM 21-32 g/day 
Efficiency index - EM/BW EFFIC. 21-32 g/day/ki 
The number of records available for each trait, line and 
type of relative is given in Table 5. Not all hens had 
complete records because of mortality, data errors or missing 
observations. Because shank length, hence the Condition 
Index, was not available in the first two generations of line 
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Table 6. Number of records available by lines and types of 
relatives 




Dam-daughter 4550 3146 
Grandam-granddaughter 3622 1833 
Aunt-niece 5174 2139 
Full sisters 5511 3601 
Half sisters 5511 3601 
3/4 sisters 235 371 
A, the first two generations were excluded from the analyses. 
This eliminated 10 percent of the available data for line A, 
All Q line hens with complete records were used in the 
analyses. The 196 9 year was the first generation for the Q 
lines. 
Parameter Estimates 
The means and variances are presented in Table 7. In 
making comparisons between the means, it should be borne in 
mind that the number of hens varied between years and lines. 
Thus, differences between two line means may include some 
year effects. However, valid comparisons can be made by 
adjusting the means by least squares procedure for year 
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Table 7. Means and pooled variances 
Traits Unit Line A° Line 0= 
Mean Variance Mean Variance 
Body and egg weight 
traits 
8 week body weight kg 0. 57 0. 0006 0. 58 0 .005 
Housing body weight kg 1. 42 0. 034 1. 39 0 .029 
Shank length cm 7. 78 0. 191 7. 66 0 .210 
32 week body weight kg 1. 72 0. 046 1. 63 0 .046 
32 week egg weight g 50. 70 15. 395 53. 59 16 .434 
Condition index kg/cm 0. 18 0. 0004 0. 18 0 .0004 
Ratio g/kg 29. 84 26. 449 33. 17 12 .706 
Production traits 
Partial rate % 72. 00 240. 000 75. 00 180 .000 
Residual rate % 56. 00 380. 000 58. 00 291 .000 
Total rate % 60. 00 240. 000 70. 00 150 .000 
Egg mass g/day 36. 41 71. 807 40. 34 59 .197 
Efficiency g/day/kg 21. 46 32. 246 25. 03 24 .702 
Based on original values and not the logarithmic trans­
formed data. 
effects. For line A the variances were computed on an intra-
year basis while for line Q the variances were computed on an 
intrayear-and-line basis as described by Snedecor (1946). 
This is equivalent to finding the sum of squares for each year 
(line A) or year-line (line 0) groups and pooling the results 
over years or year-line groups, respectively. Some bias in 
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the estimates of the variance may occur if the samples from 
the population are not constant in variance. That is, if 
there is heterogeneity of variance, an average variance from 
different populations will not give the true variance of a 
particular population. 
Three procedures were used to estimate the covariance 
between relatives. 
Analysis of variance 
Heritabilities and covariances between relatives for the 
full-sib, half-sib, and 3/4 sib analyses were estimated from 
an analysis of variance. Because the sampled populations in 
these cases are contemporary, a serious bias can occur if 
hereditary-environment interactions are important. Such 
interactions will be completely confounded with the estimates 
of genetic variance. Because the females are heterogametic, 
the sire component of variance obtained from an analysis of 
variance of the pullet data is expected to contain half of the 
additive sex-linkage variance. Maternal effects, of a 
permanent or temporary nature, will be associated with the 
dam component of variance. Likewise, the gene-environment 
interactions will be confounded with the genetic component of 
variance. Thus, nonadditive genetic components are present 
in both the dam and sire component of variance. 
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The data were transformed to a logarithmic scale before 
performing the analysis of variance because, as discussed in 
an earlier study (Casey, 1970) yearly means and variances 
are correlated. The nested model fitted to each trait was, 
^ijkl ^ ^  ^ i ^  
where, 
X. = transformed observation of the 1^^ hen from the 
1 ] KX 
, th , n . th . . . th k dam and j sire in the i year 
y = population mean 
- the effect of the i^^ year 
= the effect of the sire in the i^^ year 
H. , = the i^^ hen within dam, sire and i^^ 1 jkl 
year 
The form of the analysis of variance was 
Source 
Year + C. 0^ + + C, 
h 4 d 5 s 6 y 
Sire/year + C_ + C-, 
h 2d 3 s 
2 2 Dam/sire/year 
Hen h 
The covariances between relatives were estimated by 
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Gov (half-sibs) = 
2 2 
Gov (full-sibs) = Og + 0^ 
The heritabilities were estimated by 
2 hg = —2 2 ^ (half-sib component estimate) 
«5 + + °h 
2 2(0s + Og) 
h, = —% = ^ (full-sib component estimate) 
or + 0: + af 
s d h 
The sampling errors of each heritability estimate were 
calculated as given by Dickerson (1969), 
2, ^^ss 
s(h^) = _2 , 2 , 2 












"ds = ^ ds ' ("dd -
where (MS)^, (MS)^ and (MS)^ are the mean squares for sire, 
dam and hens. The NS, ND, NH are the number of degrees of 
freedom for sires, dams and hens. The and are the 
coefficients of the dam component in the dam and sire mean 
squares and is the coefficient of the sire component in 
2 2 2 
the sire mean squares. The quantities a^, and are 
the sire, dam and hen components of variance. 
Genetic correlations were computed from a hierarchical 
analysis of covariance using the same model as that for the 
analysis of variance. The three estimates of genetic 
correlation are 
<V°y' 
In the case of 3/4 sibs, the same model and the same 
analysis of variance was performed as above. However, the 
data consisted only of offspring of full sisters mated to 
the same male. Hence, the covariances between 3/4 sisters 
were estimated by 
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2 Cov(3/4 sisters) = 
The heritability estimates for each trait were obtained by 
^(3/4 sisters) 
The sampling errors were again obtained as indicated by 
Dickerson (1969), but genetic correlations were not esti­
mated because the population numbers were very small. 
Regression 
The regression procedure was used to estimate the 
heritabilities and covariances for the dam-daughters and the 
grandam-granddaughters information sets. Because in these 
two cases, the individual pairs would not be contemporary, 
there will be no gene-environment interactions in the estimates 
occur in the estimates. On the other hand, the regression 
of daughter on dam will reflect possible environment corre­
lations between dam and daughter. By taking the regression 
within sires, the environmental correlation is likely to be 
small and negligible. 
Estimating the heritability by regressing the daughter's 
phenotypic value on dam's value or the granddaughter's value 
on the grandam's value, presents some problems when the 
number of descendents vary. For dam-daughter regression 
two procedures have been widely used. The first uses the 
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average of the offspring in a paired comparison with the dam's 
phenotype. The second uses the average of the offspring in a 
weighted comparison with the dam's phenotype. The weights 
are the number of offspring of each dam. This is equivalent 
to repeating the dam's information for each of her off­
spring and performing the regression in the usual way. 
Cockerham (1952) and Kempthorne and Tandon (1953) investi­
gated this problem. The former used a maximum likelihood 
approach and the latter proposed a best linear unbiased 
estimator of the regression coefficient. In both cases the 
daughter's average is optimally weighted in a paired compari­
son with the dam's record. The weighting factors, similar in 
both cases, involve an estimation of the intraclass correla­
tion between maternal sibs (p), after adjusting the off­
spring's phenotype for regression on the dam's phenotype. 
Wyatt (1953) compared the weighted and nonweighted 
regression with the maximum likelihood estimator. He found 
that for most of the cases when repeating the dam's record 
for all offspring records, the efficiency was more than 75 
percent of the maximum likelihood estimator. Since repeating 
the dam's record is easier than the maximum likelihood pro­
cedure or the best linear unbiased estimator procedure 
proposed by Kempthorne and Tandon (1953), the former was 
adopted for this study. 
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Before proceeding with the regression analysis, the data 
were first transformed to a logarithmic scale. All analyses 
were carried out on an intrayear basis and the results, were 
pooled over years for line A and for a composite of the Q 
lines. The regression fitted to each trait for the dam-
daughter and grandam-granddaughter sets of data was 
"ij = ^  + b'Xi-Px' * ®lj 
where 
= the observation (offspring) of the i^^ line-
year group 
= the i^^ observation (ancestry) repeated for each 
Y^j in the i^^ line-year group 
e^j = residual error 
The residual errors, e.^, are assumed to be uncorrelated 
-L J 
2 
with mean zero and variance a^. 
The variance of ancestry and of offspring are assumed to be 
2 the same and equal to a^. The heritability estimates for 
each trait and the sampling errors are 
Parameter Estimator Error 
h^ (dam-daughters) 2b s = 2/V(b) 
h^ (grandam-granddaughter) 4b s = 4/V(b) 
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The covariances between relatives, such as dam-daughter and 
grandam-granddaughter, were obtained by regressing the off­
spring's phenotype on the dam's phenotype or offspring's 
phenotype on its grand dam's phenotype on an intrayear basis 
The regression coefficients obtained for each year and line 
were multiplied by the parental or grand parental phenotypic 
variance for each trait and pooled over years. Twice the 
regression coefficient obtained by regressing the offspring 
dams is an unbiased estimate of heritability, because selec­
tion affects both the covariance and variance by the same 
magnitude. On the other hand, when these regression coeffi­
cients are multiplied by the phenotypic variance of the 
selected parents, the estimates of the covariance are biased 
To avoid this the regression coefficient was multiplied by 
the phenotypic variance covering the whole parental genera­
tion. 
Mean cross product 
This special procedure was used to estimate the co-
variance between aunt and niece. The cross product between 
a phenotypic value of a hen and the average of her full-sib 
offspring in each year was obtained and the results were 
pooled over years. 
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Components of Variance and Covariance and 
their Estimation 
Two models were fitted to the data. The first was pro­
posed by Willham (1963) and the second by Bohidar (1964) . 
Kempthorne (1955) earlier solved the general problem of par­
titioning the total genotypic variance and covariance between 
relatives with an arbitrary number of loci and alleles and with 
arbitrary dominance and epistasis. Bohidar (1964), extended 
these results to include both sex-linkage and autosomal genes. 
He showed that the covariance between heterogametic female 
relatives is 
Cov(X,Y) . 2 0^^ + "xy 
xy aOnGaA 
o o\ 
where a, 6 and A are index-variables associated with autosomal 
additive effects, autosomal dominance deviations and additive 
sex-linkage effects, respectively. 
v^^^ is the probability that a random sex-linkage gene in 
X is identical by descent with a random sex-linkage gene in Y. 
r^y is the probability that one gene at a locus in individual 
X is identical by descent with one gene at the same locus in 
individual Y. u^^ is the probability that two genes at a 
locus in individual X are identical by descent with two 
2 2 2 genes at the same locus in individual Y. , o and a are 
o o L 
additive genetic, dominance and sex-linkage variance, 
respectively. 
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Assuming that epistasis is not important, the expression 
can be written 
Cov(x,Y) = 2r o2 + u + v 
O O L 
The composition of the covariance between relatives, when 
maternal effects are present, has been given by Dickerson (1947) 
and Kempthorne (1955). More recently, Willham (1963) derived a 
general formula for the covariances between relatives;, X and Y, 
who received a maternal contribution from relatives W and Z, 
respectively. In the absence of epistasis the formula is 
Cov(X(W),Y(V)) = 2r ol + u + 2r^ 0^ 
o o m 
+ "wv "1 + ZIfxv + V' "a A "d d 
m o m o m 
where X and Y are phenotypic values of the two relatives, 
is the coefficient of parentage, defined by Malecdt (1948), 
as the probability that one gene at a locus in individual X 
is identical by descent with one gene at the same locus in 
individual Y. Further is the probability that two 
genes at a locus in individual X are identical by descent 
with two genes at the same locus in individual Y. 
The covariances between different types of relatives. 
in terms of the expected causal components using both Willham's 
(1963) and Bohidar's (1964) models are given in Tables 8 and 9. 
Two environmental components were involved in both expecta-
2 tions; a nonrandom component (a^) which reflects maternal 
environment variances, and a random environment component 
2 (a^) which contributes to the within-groups variance. 
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Table 8. Coefficients of covariance components between rela­
tives assumed on the basis of Willham's model 
Components^ 
Type of relatives 
i o °Vm 4 
Dam-daughters 1/2 0 5/4 1/2 0 0 
Full sisters 1/2 1/4 1 1 1 0 
Half sisters 1/4 0 0 0 0 0 
Aunt-nieces 1/4 0 3/4 1/2 0 0 
Grandam-
granddaughters 1/4 0 5/8 1/4 0 0 
3/4 sisters 3/8 1/8 1/2 1/2 0 0 
Within full sisters 1/2 3/4 0 0 0 1 
^The components of covariance given at the heads of the 
columns are defined on page 40. 
Table 9- Components occurring in the covariances between 
relatives based on the Bohidar's model 
ComDonents^ 
Type of relatives 
i 
< 
o < 4 
Dam-daughters 1/2 0 0 0 0 
Full sisters 1/2 1/4 1/2 1 0 
Half sisters 1/4 0 1/2 0 0 
Aunt-nieces 1/4 Û 0 Û 0 
Grandam-
granddaughters 1/4 0 0 0 0 
3/4 sisters 3/8 1/8 1/2 0 0 
Within full sisters 1/2 3/4 1/2 0 1 
^The components of covariance given at the heads of the 
columns are defined on page 40. 
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Finally, the covariances between the six different types 
of relatives and the within full-sibs components of variance 
were equated to their expected components and the genetic 
and environmental components of rovariance were estimated by 
weighted least squares. Four genetic components were esti­
mated from Willham's model and three genetic components were 
estimated from Bohidar's model. Two sources of environmental 
variation were considered for both models: a random 
2 2 
component (0^) and a nonrandom environment component (a^) . 
The nonrandom environment variation caused by nongenetic dif­
ferences common to members of a single group contributes to 
the among-groups variance. Maternal genetic variances would 
also contribute to the among-groups variances but would dif­
fer from their environment counterpart in that genotypic dif­
ferences among dams for the maternal effect are expressed in 
their female offspring when they become dams (Willham, 1963). 
Random sources of variation are nongenetic effects, inde­
pendent of the relationship between individuals that contribi 
to the within full-sibs variance. 
Thus, the objective of this part of the study was to use 
six different covariances between relatives to estimate four 
2 2 2 
genetic causal components (a , a , o , ) and two 
o o m o m 
environmental components (a^, o^) simultaneously using the 
model proposed by Willham (1963). Likewise, three genetic 
2 2 2 
components (a, O- ' o, ) and two environmental parameters 
\ 
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2 2 (a^, a^) were estimated using the model proposed by Bohidar 
(1964). 
Let Y be a (7x1) column vector of the covariances between 
relatives plus the within full-sibs component and let X be a 
(7x6) matrix of expected coefficients. 
The expectation of covariances between relatives in 
terms of the genetic and environment components can be derived 
from the equations given in Tables 8 and 9. The components 
of variance and covariance are expressed in a column B vector 
(6x1) . 
The model for a least squares analysis written in matrix 
notation is 
Y = XB + e 
where e is a (7x1) column vector of errors with mean E(e) =0 
(a column vector of zeros), and variance E(ee') = V. The 
latter is a (7x7) matrix whose diagonal elements are the 
variances associated with the estimated elements of the column 
vector Y and the off-diagonal elements are the covariances 
of the estimated pairwise elements in Y. The off-diagonal 
elements are assumed to be zero. 
The least squares solutions to the set of normal equa­
tions is 
B = (X'X)~^X'Y . 
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The elements of the Y vector were estimated with different 
precisions because they were based on variable amounts of 
data. The weights consisted of the number of records entering 
into each element of Y vector. This procedure was used by Van 
Vleck and Hart (1966) and is similar to that which utilizes 
the inverse variances as weights. 
The weighted least squares estimates of B is, 
= (X'V'^X)~^X'V~^Y 
with variance covariance matrix of B , 
w 
V(B) = (X'V"^X)"^ 
and where V ^ is the inverse variance matrix of errors. 
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RESULTS 
Analysis of Variance 
The overall means, standard deviations and the percentage 
variance components pooled over years are presented in Tables 
10 and 11. 
For line A (Table 10) year and sire components were 
statistically significant for all the traits. The year 
component ranged from 7.6% for egg mass to 43.0% for 32 week 
egg weight. The sire component ranged from 1.7% for residual 
rate to 12.0% for 32 week body weight. For the body and egg 
weight traits, the year component ranged from 9.2% for shank 
length to 43.0% for egg weight; the sire component ranged from 
5.8% for egg weight to 12.0% for 32 week body weight. The 
dam components were statistically significant for all cases 
except partial rare of egg production and egq mass. For the 
body and egg weight traits, the dam component ranged from 
9.9% for egg weight to 15.8% for housing body weight while for 
the production traits, they ranged from 0.6% for partial rate 
to 8.7% for total rate of egg production. 
For line Q (Table 11) year and sire components were 
statistically significant in all cases. The year component 
ranged from 1.0% for residual rate to 26.2% for the ratio 
of egg weight to body weight. The sire components ranged 
from 13.3% for 8 week body weight to 23.1% for 32 week body 
Table 10. Means, standard deviations and percentage variance components for all 
traits in line A 
„ . . „ . .. Standard Average % variance components^ 
Trait na. ean déviation Years Sires Dams W/Full-sibs 
Body and Egg 
Weight Traits 
8BW kg 0. 57 0. 08 22. 2 * * 7. 8** 11. 8** 
00 in 
3 
HBW kg 1. 42 0 . 18 21. 2** 10. 7** 15. 8** 52. 3 
SL cm 7 . 78 0 . 44 9 . 2 * * 8 . 0** 12. 5** 70. 3 
3 2BW kg 1. 72 0. 21 18 . 1 * * 12 . 0** 15. 0** 54 . 9 
32EW g 50. 70 3. 92 43. 0** 5. 8** 9. 9** 41. 3 
32EW/32BW g/kg 29 . 84 5 . 14 10. 0* * 10 . 4** 10. 8** 68 . 8 
22BW/SL kg/cm 0. 18 0. 02 29 . 2** 6 . 5** 12. 4** 51. 9 
Production Traits 
Rate-p % 72. 0 15. 49 18. 8** 1. 8** 0. 6 78. 8 
Rate-r % 56. 0 19. 43 8 . 3* * 1. 7 A* 8 . 0** 82. 0 
Rate-T % 60. 0 15. 49 12. 0** 2. 3* * 8 . 7 * * 77. 0 
Egg Mass g/day 36. 41 8 . 47 7. 6** 2. 4** 1. 7 88. 3 
EFFIC. g/day/kg 21. 46 5. 68 12 . 9** 2. 4 * * 1. 7** 83. 0 
^Percentage variance components based on the logarithmic transformed data. 
* * 
P<.01. 
Table 11. Means, standard deviations and percentage variance components for all 
traits in line Q 
Standard Average % variance component^ 
Traits Unit Mean deviations Years Sires Dams W/Full-sibs 
Body and Egg 
Weight Traits 
3BW kg 0 . 58 0 . 07 8 . 8** 13 .3** 16 . 5 *  *  61. 6 





SL cm 7 . 66 0. 46 12. 8** 15 .2** 7 . 6** 64. 3 
3 2BW kg 1. 63 0. 21 
to I—1 
4 * * 23 . 1** 16. 7  *  *  44. 8  
32EW g  53 . 59 4 . 05 10. •7 ** 19 .4** 14. 7 * *  55. 2 
32EW/32BW g/kg 33 . 17 3. 56 26. 2** 13 .8** 8 .  8** 51. 2 
22BW/SL kg/cm 0 . 18 0. 02 5 .  5** 13 . 6** 8. 3  *  *  72. 8 
Production Traits 
Rate-p % 75. 0 13. 40 6. 4  *  *  2 .1** 0. 0 91. 5 











Egg Mass g/day 40 . 34 1  .  69 4 . 9 *  *  4 .4** 0 . 9 89. 8  
EFF I C .  g/day/kg 25 . 03 4 . 97 8  .  4** 3 .6** 1. 9  86. 1 




weight and for the production traits, they ranged from 1.9 for 
total rate to 4.4% for egg mass. The dam components were 
statistically significant for the body and egg weight traits 
but only for the residual and total rate for the production 
traits. They ranged from 0.0% for partial rate to 16.7% 
for body weight. The within full-sibs components accounted 
for more than 40.0% of the total variation for all traits 
in both lines. Additional details of the analysis of 
variance, including degrees of freedom, mean squares and 
variance components are given in Appendix Tables 39 and 40. 
The percentage variance components pooled over years 
for the logarithmic transformed traits using only the data 
on offspring of full-sisters mated to the same sire are 
presented in Tables 12 and 13. The means and standard 
deviations of each trait are omitted because they differed 
little from those shown in Tables 10 and 11 for the whole 
population. The sire components were statistically signifi­
cant for shank length, egg weight and for the ratio of egg 
weight to body weight, but for the production traits they were 
statistically significant only for residual and total rate of 
egg production. The dam components were statistically signifi­
cant for all body and egg weight traits except shank 
length but not for the production traits. The sire components 
ranged from 1.0% for efficiency to 21.3% for shank length 
and the dams components ranged from 1.3% for shank 
50 
Table 12. Line A percentage variance components using only 
the data on offspring of full-sisters mated to 
the same sire 
Average % variance components^ 
Years Sires Dams W/Full-sibs 
Body and Egg Weight 
Traits 
8BW 9.3 5.2 28.8** 56.7 
HBW 0.0 17.3 34.5** 48.1 
SL 19.5* 21.3** 1.3 57.9 
32BW 44.0** 10.7 19.4** 25.9 
32EW 61.8** 6.9* 7.2** 24.1 
32EW/32BW 0.1 13.8** 20.7** 65.4 
22BV7/SL 1.0 7.4 34 .4** 57.2 
Production Traits 
Rate-p 19.5** 4.1 5.1 71.3 
Rate-r 0.0 11.3* 0.0 8S.7 
Rate-T 0.3 10.8* 0.0 88.9 
Egg Mass 0.0 12.0 7.0 81.0 
EFFIC. 23.2** 1.0 10.4 65.4 






Table 13. Line Q percentage variance components using only 
the data on offspring of full-sisters mated to 
the same sire 
m Average % variance components^ 
Years Sires Dams W/Full-sibs 
Body and Egg Weight 
Traits 
8BW 16.9** 20.0** 8.0* 55.1 
HEW 0.0 44.7** 3.3 52.0 
SL 11.5* 29.2** 0,0 59.5 
32BW 0.0 51.0** 4.8 44.2 
32EW 6.3 36.0** 4.3 53.4 
32EW/32BW 9.1* 32.3** 2.6 56.0 
22BW/SL 0.0 34.8** 4.4 60.8 
Production Traits 
Rate-p 7.0** 1.5 0.0 91.5 
Rate-r 0.3 9.4 S. 3 S 2.0 
Rate-T 5.4* 9.7 4.9 79.0 
Egg Mass 4.5 G.6 0.0 88.9 
EFFIC. 4.2* 4.7 2.5 88.6 






length to 34.6% for housing body weight. 
For line Q, the sire components were statistically sig­
nificant only for the body and egg weight traits while the dam 
components were significant only for 8 week body weight. The 
sire components ranged from 1.5% for partial rate of 51.0% 
for 32 week body weight and the dam components ranged from 
0.0% for shank length, partial rate and egg mass to 8.0% 
for 8 week body weight. For both lines, the within full-sibs 
components accounted for more than 40.0% of the total variation 
of all traits. Additional details of the analysis of vari­
ance, including degrees of freedom, mean squares and variance 
components are given in Appendix Tables 41 and 42. 
Regression Analysis 
The pooled regression coefficients of daughter on dams 
and granddaughter on grandams, as well as the standard errors 
and degrees of freedom for each trait, are given in Tables 
14 and 15. The regression coefficients of daughters on 
dams were all significantly different from zero in both lines 
except for partial rate of egg production. The regression 
coefficient of granddaughters on grandams was not significant­
ly different from zero for partial, residual and total rate of 
egg production for line A but the regression of granddaughters 
on grandams was not significantly different from zero for 













Body and Egg 
Weight Traits 
8BW 4522 0.201** 0. 015 3606 0.145** 0. 017 
HBW 4522 0.222** 0 . 014 3606 0.099** 0 . 018 
SI, 4522 0.239** 0.014 3606 0.179** 0. 018 
32BW 4522 0.365** 0. 016 3606 0 . 092** 0.020 
32EW 4522 0.425** 0.014 3606 0.323** 0.017 
32EW/32BW 4522 0.320** 0 . 016 3606 0.163** 0.021 
22BW/SL 4522 0.134** 0.013 3606 0.100** 0. 018 
Production Traits 
Rate-p 4522 0 ,031 0 . 033 3606 0.083 0. 034 
Rate-r 4522 0.143** 0.034 3606 0 . 053 0.042 
Rate-T 4522 0.149** 0. 033 3606 0. 066 0. 037 
Egg Mass 4522 0.128** 0.029 3606 0.123** 0 . 032 
EFFIC. 4522 0 .155** 0.028 3606 0.084** 0.029 
* * 
P<.01. 
Table 15. Pooled regression analyses for line Q 
Traits d. f. 
on parent on grandam- error 
Body and Egg 
Weight Traits 
8BW 3128 0 . 317** 0. 018 1823 0 . 182** 0. 022 
HBW 3128 0. 293** 0. 017 1823 0 . 104** 0. 022 
SL 3128 0 . 407** 0 . 019 1823 0. 228** 0. 029 
32BW 3128 0. 389** 0. 016 1823 0. 248** 0. 024 
32EW 3128 0. 474** 0. 017 1823 0. 338** 0. 025 
32EW/32BW 3128 0. 314** 0. 018 1823 0. 244* 0. 031 
22BW/SL 3128 0. 245** 0. 018 1823 0. 075** 0. 026 
Production Traits 
Rate-p 3128 0. 029 0. 029 1823 0. 052 0. 065 
Rate-r 3128 0. 103** 0. 020 1823 0. 094** 0. 024 
Rate-T 3128 0. 225** 0 . 028 1823 0. 215** 0. 045 
Egg Mass 3128 0 . 131** 0. 027 1823 0. 092 0. 052 





partial rate and egg mass in line Q. Sampling errors were 
larger in line Q than in line A since the number of records 
for the latter was considerably larger. 
The standard errors of the regression coefficients of 
granddaughters on grandams were larger than those obtained 
for the regression coefficients of daughters on dams in both 
lines. Although the regression coefficients of daughters on 
dams for each trait were in good agreement between lines, 
those for granddaughters on grandams were not. Large 
differences between the two lines were observed for 8 week 
body weight and 32 week body weight. For all other traits 
the regressions were similar. 
Heritability 
The heritabiliLy estimates obtained from different 
methods as well as the standard errors and the average 
heritability for all traits are given in Tables 16 and 17 
for line A and in Tables 18 and 19 for line Q. The average 
heritability was obtained by weighting each estimate by the 
inverse of the sampling variance. 
For line A (Tables 16 and 17) the heritability esti­
mates were more consistent between methods for the body and 
egg weight traits than they were for the production traits. 
The range of the heritability estimates for 8 week body 
weight was 0.15 to 0.58. However, not much confidence can 
Table 16. Heritability estimates ol; the body and egg weight traits for line A 
Dam- G.dam- Full- Half- 3/4-
Traits daughter daughter sister sister sister Average 
8BW 0. 4 0 + 0 . 0 3 0 . 58 + 0 . 06 0 , , 5 0+0. 04 0 . 4 0+0 . 07 0. 15 + 0. 26 0 . 4 5 + 0. 09 
HBW 0. 44 + 0 . 07 0. 40+0. 07 0. 60+0. 05 0. 54+0. 08 0. 46 + 0, 34 0. 58 + 0. 12 
SL 0. 4 8 + 0. 07 0. 7 2+0. 07 0. 4 5+0. 04 0. 35+0. 06 0. 7 0+0. 30 0. 4 8 + 0. 11 
32BW 0. 7 3+0. 03 0. 37+0. 08 0. 66 + 0 . 05 0. 5 9+0 . 09 0. 51 + 0. 36 0. 67 + 0. 12 
32EW 0. 85 + 0. 02 1. 2 9+0, 07 0, 55+0. 04 0. 41+0. 06 0. 48+0. 30 0. 7 2+0. 10 
3 2EW/3 2BW 0. 64 + 0. 03 0. 65 + 0. 08 0. 47 + 0. 04 0. 46+0, 07 0. 37 + 0. 27 0. 5 7 + 0 . 10 
2 2BW/SL 0. 27+0. 03 0. 4 0+0. 07 0 , 5 3 + 0. 04 0. 37+0. 06 0 . 20+0 . 28 0 , 37 + 0 . 10 
Number of 
records 4540 5511 5511 236 3622 
Table 17. Heritability estimates of the production traits for line A 
Traits Dam- G.dam- Full- Half- 3/4-daughter daughter sister sister sister Average 
Rate-p 0.06+0.07 0.33+0.16 0.06+0.02 0.09+0.02 0.14+0.16 0.08+0.09 
Rate-r 0.28+0.07 0.21+0.16 0.21+0.03 0.08+0.02 0.32+0.16 0.13+0.09 
Rate-T 0.30+0.05 0.26+0.15 0.25+0.03 0.10+0.03 0.30+0.16 0.21+0.09 
Egg Mass 0.26+0.05 0.49+0.12 0.09+0.02 0.10+0.02 0.32+0.21 0.11+0.08 
EFFIC. 0.31+0.05 0.33+0.11 0.09+0.02 0.11+0.02 0.04+0.17 0.12+0.07 
Number of 
records 4540 3622 5511 5511 236 
Table 18. Heritability estimates of the body and egg weight traits for line Q 
Traits Dam- G.dam- Full Half- 3/4-daughter G.daughter sister sister sister Average 
8BW 0. 6 3+0. 04 0. 58+0. 07 0 .66+0. 06 0 .58+0. 09 0. 38+0. 13 0. 59 + 0. 08 
HBW 0. 59+0. 03 0. 3 3 + 0. 07 0 .74+0. 07 0 •86+0. 12 0. 72 + 0. 18 0. 61+0 . 09 
SL 0. 81+0 . 04 0. 7 3+0 . 09 0 .52+0. 06 0 .70+0. 10 0. 5 3+0. 14 0 . 68+0. 09 
32BW 0. 78+0. 03 0. 7 9 + 0. 08 0 .94+0. 08 1 . 09 + 0. 15 0 . 81+0. 20 0. 84 + 0. 11 
32EW 0. 95+0. 03 1. 08 + 0 . 08 0 .7 6±0. 07 0 . 87 + 0. 12 0. 61+0 . 16 0. 9 0+0. 09 
32EW/32BW 0. 6 3+0. 04 0. 7 8 + 0 . 10 0 .61+0. 06 0 .7 5+0. 10 0. 57+0. 15 0. 65+0 . 09 
2 2BW/SL 0. 49+0. 04 0. 24 + 0 . 08 0 .46+0. 05 0 .58+0. 09 0 . 5 6+0. 15 0. 4 6+0 . 08 
Number of 
records 
3146 1835 3601 3601 371 












Rate-p 0.06+0.06 0. 17+0.26 0 . 04 + 0. 03 0.09+0. 03 0.02+0. 05 0.06+0. 09 
Rate-r 0.21+0.04 0. 3 0+0.08 0. 2 0 + 0. 04 0.10+0. 04 0.15+0. 10 0.18+0. 06 
Rate-T 0.4 5+0.06 0. 68+0.14 0. 21 + 0. 04 0.08+0. 04 0.16+0. 09 0.25+0. 07 
Egg mass 0.26+0.05 0. 29+0.16 0. 11+0. 04 0.18+0. 04 0.11+0. 06 0.17+0. 07 
EFFIC. 0.30+0.05 0. 52+0.16 0. 12 + 0 . 04 0.16+0. 04 0.0 8+0. 08 0.19+0. 07 
Number of 
records 3146 1835 3601 3601 371 
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be put in the lower estimate because of high sampling errors. 
The sampling variance of the heritability estimates from 
3/4 sisters and from the granddaughters on grandams were 
large because of small numbers. In the case of 3/4 sisters, 
there were only 235 degrees of freedom. For the production 
traits, the largest difference among methods was that for 
efficiency, where the heritability estimate from 3/4 sisters 
was 0.04 but that obtained from the granddaughter-grandam 
analysis was 0.33. Again, not much confidence can be put 
in these estimates because of large sampling variances. The 
average heritability estimate of the total rate of egg 
production (0.21) is larger than for partial rate of egg 
production (0.08); the residual rate was intermediate. 
In line Q (Tables 18 and 19) the heritability estimates 
for the body and egg weight were less variable than for the 
production traits. Again, the sampling variance of the 
heritability estimates obtained from 3/4 sisters were 
generally larger than those obtained by the other methods. 
The estimates for housing body weight obtained by the grandam-
granddaughter and half-sister methods were in poor agree­
ment. For partial rate of egg production the estimates 
obtained by the 3/4 sisters and the granddaughter-grandam 
methods were in poor agreement. The average heritability of 
total rate of egg production in line Q was larger than the 
average for partial rate and the residual rate was 
61 
intermediate in accord with the observations in line A. 
In general, the Q line heritability estimates were larger 
than those for line A for the body and egg weight traits 
but only slightly larger for the production traits. In 
both lines the heritability estimates for derived traits 
related to performance were low as was expected. 
To test the effects of line and methods on the esti­
mated heritabilities of the two groups of traits such as 
body and egg weight traits and the production traits, the 
following model was fitted for each group of traits, 
"ijk = U + m. + tj + (mt).. + 1^ + 
where 
•i-h ^ u 1  ,  r * _  "  U i i  1. - tny iiei. xx:ciL)i.ixuy êbcxiiidutî lui une, i 
1]K 
method and trait 
- the effect of i^^ method 
tj = the effect of the trait 
1^ = the effect of the 1^^ line 
The third order interaction was used as an estimation 
of the error variance to test the main effects and single 
interactions. The analysis of variance is presented in 
Table 20. The results show that lines differed for the body 
and egg weight traits which may reflect the fact that line Q 
Table 20. Analysis of variance of the heritability estimates 
Body and Egg Weight Traits Production Traits 
Sources d. f. Mean Squares F d. f. 
Mean 
Squares F 
Line ]. 0.2970 41.15** 1 0.0002 0.02 
Method 4 0.4740 3.4 0 4 0.1163 10.08** 
Trait G 0.0392 14.45** 4 0.0462 4.00 
Line x Method 4 0.1664 3.93 4 0.0163 1.41 
Line x Trait 6 0.0452 1. 02 4 0.0149 1.29 
Method X Trait 24 0.0118 3.37** 16 0.0106 0. 92 




was selected for only four generations while line A was 
selected for twelve generations. Statistically significant 
interactions were not found except for Method x Trait. 
For the production traits all mean squares lacked 
statistical significance except for method. This may be 
explained by the high sampling error of the grandam 
granddaughter and 3/4 sisters estimates. For example, the 
observed dam component of variance, in the case of partial 
rate of egg production, was negative but was assumed to be 
zero in the analysis of variance. As a consequence the 
sire component would be overestimated. 
Genetic and Phenotypic 
Correlations 
The genetic and phenotypic correlations are given in 
Tables 21 and 22 for line A and in Tables 23 and 24 for line 
Q. Each of the body weight traits had positive genetic 
correlations with all other traits except the ratio of egg 
weight to body weight and the efficiency index. Because both 
exceptions have body weight in the denominator, increasing 
body weight would decrease both traits so that a negative 
correlation would be expected. This would apply also to 
shank length because it has a high genetic correlation with 
body weight. The genetic correlations between body weights 
at different ages with partial, residual and total rate 
Table 21. Genetic and phenotypic correlations for the body and egg weight traits 
for line A. Genetic correlations above diagonal and phenotypic cor­
relations below the diagonal 










































































SL 0.18 0.29 0 . 80 
0.63 
0-70 























-0 . 42 















































-0.12 -0.43 -0.31 -0.72 0.25 — 0.63 
-0 . 52 
-0.56 
-0.27 




















0 . 34 












^Sire plus dam components. 
Table 22. Genetic and phenotypic correlations for the production traits for line 
A. Genetic correlations above diagonal and phenotypic correlations 
below the diagonal 
8BW HBW SL 3 2BW 32EM ^ZEW/ 22BW/ R^te-p Rate-r Rate-T EFFIC. 
Rate-p -0.13 0.03 0.06 -0,07 -0.25 0.12 -0.31 
_c 
Rate-r -0.04 0.07 0.08 0.02 -0.05 -0.07 0.04 0.28 
Rate-T -0.07 0.08 0. 09 0.07 -0. 1 -0.10 0.05 0.51 
Egg -0.02 0.07 0.12 0.09 0.08 -0.03 0.02 0.94 
Mass 





































^Sire plus dam components. 
Table 23. Genetic and phenotypic correlations for the body and egg weight traits 
for line Q. Genetic correlations above diagonal and phenotypic cor­
relations below the diagonal 




























































































































































-0.31 -0.47 -0. 39 -0 . 82 0.16 -0.67 
-0.54 
-0 .62 


































^Sire plus dam component. 
Table 24. Genetic and phenotypic correlations for the production traits for line 
Q. Genetic correlations above diagonal and phenotypic correlations 
below the diagonal 
8BW HBW SL 32BW 32EW 32EW/ 2 2BW/ 
32BW SL 
Rate-p Rate-r Rate-T Egg 
Mass 
EFFIC 









0 . 47 
0.71 
-0.98 
0 . 25 
0. 37 
-0.47 
0 . 06 
Rate-r 0.07 0.04 0.04 0.07 0 . 004 -0.08 0.02 0. 06 0. 91 
0 .85 
0 . 86 
0.33 
0 . 22 
0 .23 
-0.15 
0 . 62 
0.26 








0.05 0.12 0.12 0 .17 0 . 29 -0.006 0.07 0. 94 0. 06 0.46 0. 07 
-0.94 
-0.17 
EFFIC. -0.18 -0.22 — 0.20 -0.38 0.04 0.44 -0.13 0.86 0.02 0.40 0.84 
^Sire component. 
^Dam component. 
^Sire plus dam components. 
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were low in both lines except that for 8 week body weight 
with partial and total rate of egg production for line Q. 
A high genetic correlation between partial and total rate 
would be expected because these traits contain a common 
element. A negative genetic correlation between egg mass 
and the egg weight/body weight ratio is expected because 
egg mass is a function of rate of egg production. Increases 
in the ratio are mainly due to a decrease in body weight, 
and because body weight is positively correlated with rate 
of egg production, a negative correlation between these two 
traits is expected. 
The correlation between body weight and rate of egg 
production depends in part on the mean phenotypic size of 
the birds (see Casey, 197 0). The phenotypic correlations 
are in general, lower than the genetic correlations= This 
indicates an environmental effect on the total correlation. 
The genetic correlations between body weight, shank 
length and the condition index also depends on the size of 
the birds. The correlations between egg mass with body 
weight and shank length with condition index were mostly 
positive in both lines but were somewhat larger in line Q. 
The efficiency index was negatively genetically correlated 
with most of the traits in both lines except with partial, 
residual, total rate and the ratio between egg weight and body 
weight. In general, the genetic and phenotypic correlations 
69 
were higher in line Q. However, the number of observations 
was larger in line A than in the Q line so that more confi­
dence can be put in the A line results. Linkage dis­
equilibrium can produce some apparent genetic correlation 
but this is expected to break down with successive genera­
tions as linkage approaches equilibrium. 
The relationship between egg production or egg mass 
might be tested for an intermediate optimum in body weight 
and shank length by using a quadratic model involving these 
traits, but this was not done in the present study. Since, 
in some cases, there was a large variation among correlations 
based on the sire component alone, or on the dam component 
alone, the combined sire and dam components of covariance 
was taken as a best estimate of the genetic correlation. 
If the sire component of covariance is smaller than the 
dam component of covariance, then it must be assumed that 
some maternal effect or large environmental variance is con­
founded with the dam component of covariance. 
The covariances between relatives are given in Tables 25 
and 26. In general, all covariances for the body and egg 
weight traits were higher in line Q (Table 26) than in line 
A (Table 25). Since line A was selected over an eleven 
generation period and line Q selected for only four genera­
tions, the latter is expected to show greater genetic 









3 2EW/3 2BW 
22BW/SL 





















































0 ,  
0, 
0, 
0 .  
0 ,  
0 ,  


























































records 4540 3622 
5174 5511 236 5511 5511 
*A11 covariances were multiplied by 1,000. 
Table 26. Covariances^ between relatives for line Q 
Traits Dam- G.dam Aunt Full- 3/4- Half-daughter G.daughter niece sisters sisters sisters 
Within 
full-sisters 








































































































records 3146 1835 2139 3601 
371 3601 3601 
^All covariances were multiplied by 1,000. 
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covariance. Also because the amount of data is larger for the 
A line than for the 0 line, more confidence can be put in the 
estimates obtained in the former line. However, in the 3/4 
sisters covariance analysis, the numbers were small in both 
lines. 
The within full-sibs components were the largest com­
ponents in both lines. These were larger for the production 
traits than for the body and egg weight traits which indi­
cates a greater environmental effect for the production 
traits than for the body and egg weight traits. 
Genetic and Environment Components 
of Covariance 
The weighted least squares solutions for the genetic and 
environmental components of variance and covariance using 
Willhaip. 's (1963) model are given in 'ï'Bbles 27 and 28 for 
line A and in Tables 29 and 30 for line Q. The total variance 
and the percentage of the total variance due to the additive 
genetic, nonadditive genetic and a remainder component, for 
both lines are given in Tables 31 and 32. The nonadditive 
genetic component includes the dominance variance, the 
additive maternal variance and the covariance between the 
additive maternal and additive direct, i.e., the nonadditive 
2 2 genetic equals a + o + a _ . The remainder includes the 
G m cm 
2 2 two environmental variances (a^ + In several cases. 
Table 27. Genetic and environment causal components^ of covariance of the body and 
egg weight traits for line A based on the Willham's model 
8BW 1. , 593 -0. .846 0. .410 -0, .835 0, 838 2 . ,814 
+0. .578 -1- 5, . 002 + 0. .506 + 0 . 875 + 1. , 410 + 4 . ,475 
HBW 1. 723 0, .678 0. .000 -0, , 234 0. ,264 0. ,723 
+ 0, .171 + 1. . 778 + 0. 150 + 0. ,259 + 0. , 418 +1. ,320 
SL 0. . 228 0. 293 0. .083 -0. .029 -0. .095 0. ,168 
+ 0, .139 ±1-. 449 + 0. 122 + 0 . 211 + 0 , . 341 + 1. , 076 
3 2BW 1. , 774 0. .864 0, .318 -0. .653 0. ,229 0. 495 
+ 0. 858 +8 , .917 + 0. , 752 ±1. , 300 + 2. , 095 +6 . , 622 
32EW 0. 441 -1, .526 0. .048 0. 410 0. .002 1. , 711 
+0. .346 + 3, .601 + 0. .304 + 0 . 525 + 0. 846 +2. .675 
3 2EW/3 2BW 1, .258 -0. .590 0. .382 -0. .531 0. .289 1. .843 
+ 0. , 009 + 0. 094 + 0. .008 + 0. . 014 + 0 .  022 + 0. .070 
2 2BW/SL 0. 970 -1. .145 0. 057 -0. .074 0, .527 2. .318 
+0. 488 + 5. .073 + 0. .428 + 0. 739 +1. 192 + 3, .768 
^Components and standard errors were multiplied by 1,000. 
Table 28. Genetic and environment causal components^ of covariance of the 
production traits for line A based on the Willham's model 








2 2 4 
Rate-p 1.263 7 . 106 0. 722 -1.998 -0.713 8. 047 
+1.440 +14 . 968 + 1. 263 +2.182 +3.517 +11.116 
Rate-r 4 .556 72 . 521 13 . 703 -22.713 -5.031 -3.151 
+3.999 +41 . 559 + 3 - 507 +6.059 +9.765 +30.864 
Rate-T 2 . 325 24 . 669 4 . 197 -7.457 -1.273 -0.331 
+5.488 +57 .035 +4 . 813 +8.831 +13.401 +42.356 
Egg Mass 1.633 18 .239 3. 531 -5.827 -2.387 0. 316 
+1.210 +12 .576 + 1. 061 +1.8 34 +2.955 +9.340 
EFFIC. 1.848 7 .731 3. 889 -6.541 0. 580 9.119 
+1.509 + 15 .687 + 1. 324 +2.287 +3.686 +11.649 
^Components and standard errors were multiplied by 1,000. 
Table 29. Genetic and environment, causal components^ of covariance of the body 
and egg weight traits for line Q based on the Willham's model 
Trait aj ^ 
o o o m m 
8BW 1. 916 — 2 , . 995 -0 , .637 1. 613 -0, .112 3 . 493 
+ 0 .  3 07 + 1, .383 + 0. .297 + 0 , .557 + 0 . 424 + 1. .005 
HBW 2 . 490 0, . 919 -0 , . 597 0. .680 -0, .489 -0. 106 
+ 0 .  365 + 1, . 643 H-0 , . 352 + 0. 661 + 0. .503 + 1, .194 
SL 0 . 4 96 -0 , . 056 0 , .0001 -0 .  010 -0 .  035 0. 302 
+ 0 . 029 + 0, .130 + 0 .  028 + 0 .  052 + 0. .039 + 0, .094 
3 2BW 3 . 364 -0 .  136 -0 .  597 0. 680 -0. ,282 0, , 047 
+ 0 . 4 29 + 1 , .931 + 0 , .414 + 0. ,777 + 0 . ,592 + 1. ,404 
32EW 0, .940 — 1 .  067 -0. 174 0. ,496 -0. ,113 0. ,997 
+ 0. . 225 +1. 012 + 0. 217 + 0. ,407 +0. , 310 + 0. ,736 
32EW/32BW 1. .692 — 1 . , 333 -0. , 916 2. ,074 -0. ,980 1. , 717 
+ 0. . 383 + 1 , .723 + 0. , 370 + 0. , 693 + 0 . , 528 + 1 . 252 
2 2BW/SL 1. ,427 0 . 848 -0 . , 213 0, 196 -0. ,335 0. , 547 
+0 < , 3EÎ5 +1 . 732 + 0. , 372 + 0. ,697 + 0 . ,531 +1. ,259 
^Components and standard errors were multiplied by 1,000. 
Table 30. Genetic and environment causal components of covariance of the 
production traits for line Q based on the Willham's model 
Trait A 








































Egg Mass 1.879 























^Components and standard errors were multiplied by 1,000. 
Table 31. 
Trait 
Percentages of the total variance of the body and egg weight traits based on 
Willham's model 
Line A Line Q 
Total Additive Nonadditive Total Additive Nonadditive 
Variance genetic genetic Remainder Variance genetic genetic Remainder 
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34 
103 






^The total variance was multiplied Isy 1,000. 
Table 32. Percentages 
model 
; of the total variance of the production traits based on the Willham's 


















Rate-p 14.427 9 40 51 9.345 9 -20 111 
Rate-r 59.885 a 106 -14 37.188 10 -20 110 
Rate-T 22.112 10 97 -17 7.570 B -22 114 
Egg Mass 15.505 10 103 -13 10.199 18 -20 102 
EFFIC. 16.626 11 30 59 11.188 16 —48 132 
^The total variance was multiplied by 1,000. 
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large and negative values were obtained. Since this is not 
expected theoretically, the best explanation seems to be 
sampling errors. Similar results were reported by Van Vleck 
and Hart (1966) from dairy cattle data. The standard 
errors of the estimates of the components were large except 
for the additive components for most of the traits. The 
percentages of the additive genetic variance for partial 
rate, residual rate and total rate were low, being 9, 8 and 10 
percent, respectively. The condition index, as measured by 
the ratio of body weight to shank length, is moderately high­
ly heritable (37 and 58 percent for the A and Q lines, 
respectively). 
Line Q seems to be genetically more variable than line 
A for most of the body and egg weight traits studied. The 
magnitude of other components relative to the total variation 
could not be evaluated since they were negative in most cases. 
The results obtained for the heritability estimates 
(Tables 17 and 19) indicate that total rate of egg production 
was more highly heritable than partial rate of egg production. 
For lines A and 0 the estimates were 0,21 and 0=25 for total 
rate. Since the part-record is measured in a shorter period 
than the total-record, relatively larger environmental sampling 
effects would be expected so that the total-record is expected 
to be more highly heritable. Yet, the sampling errors of the 
additive components obtained from the weighted least squares 
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procedure indicate that these estimates are less reliable than 
the additive genetic components for body and egg weight traits. 
The sampling errors for the body and egg weight traits 
were lower than the sampling errors for the production traits. 
For example, the additive component for 8 week body weight 
was 1.59+0.58 (x 10 for line A but for partial rate it 
-3 
was 1.26 + 1.44 (x 10 ). Note that the standard error of 
partial rate was larger than the estimate. Therefore, the 
estimates of the additive components would be less reliable 
for the production traits than those for the body and egg 
weight traits. 
In a second analysis the same covariances were equated 
to the expected causal components as proposed by Bohidar 
(1964) and then solved by weighted least squares. The re­
sults are given in Tables 33 and 34 for line A and in Tables 
35 and 36 for line Q. The total variance and the percentage 
of total variance due to the additive genetic, nonadditive 
genetic and a remainder component for both lines are given 
in Tables 37 and 38, In this case the nonadditive genetic 
component includes the dominance variance and the sex-linkage 
2 2 
variance (nonadditive genetic = ). The remainder 
o II 2 2 
component includes the two environment variance (a^ and . 
Bohidar's model includes sex-linkage as well as autossomal 
effects but in our study epistasis was ignored. 
Again, several large negative values were obtained. 
Table 33. Genetic and environment causal^ components of covariance of the body 
and egg weight traits for line A based on the Bohidar's model 
Trait " l  °w 
o o 
8BW 1.662 -2.616 -0.034 0.838 4.124 
+0.255 +5.566 +0.309 +1.376 +4.148 
HBW 1.444 0.029 0.139 0.264 1.286 
+0.085 +1.859 +0.103 +0,459 +1.386 
SL 0.408 0.328 -0.090 -0.095 0.097 
+0.045 +0.977 +0.054 +0.242 +0.728 
32BW 1.820 -0.524 -0.023 0.229 1.526 
+0.307 +6.707 +0.372 +1.658 +4.999 
32EW 1-056 -0.306 -0.307 0.002 0.642 
+0.164 +3.584 +0.199 +0.885 +2.671 
32EVJ/32BW 1. 617 -1.463 -0.179 0.289 2.469 
+0.095 +2.067 +0.115 +0,511 +1.541 
22BW/SL 1.029 -1.273 -0.030 0.527 2.399 
+0.157 +3.422 +0.190 +0.846 +2.550 
^Components and standard errors were multiplied by 1,000. 
Table 34. Genetic and environment, causal components^ of covariance of the 
production traits for D.ine A based on the Bohidar's model 
Trait "l °c °W 
o o 
Rate-p 0. 7 54 2. .508 0. 254 -0. 713 11. 623 
+ 0. 64» +14. .161 + 0 . 786 + 3. . 500 +10. 544 
Rate-r 13. . 05(5 27, , 981 -4, .250 -5. , 031 •28 . 129 
+4. 598 +100. ,480 +5. .581 + 24 . ,834 +74. 884 
Rate-T 4. . 311 9 . 571 -0. , 993 -1. , 274 10. 495 
+ 2. .307 +50, ,402 + 2 < ,780 + 12. ,457 + 37 , .546 
Egg Mass 3 . 854 6 , 834 -1. , 110 — 2 . 387 8. .315 
+ 1, ,1915 + 2 6 , 122 + 1. ,450 + 6. 456 +19. 468 
EFFIC. 4. 146 -5 , .176 -1, .149 0, .580 18. . 2 2 6  
+1. .368 + 29 , . 892 + 1. . 6 6 0  + 7 . 388 +22, .278 
^Components and standard errors were multiplied by 1,000. 
Table 35. Genetic and environment causal 
and egg weight traits for line 
components^ of covariance of the body 







8BW 2 . .110 — 2 . 479 -0, .097 0. .687 3. 057 
+ 0 . .329 + 3. .088 + 0. .383 + 0. ,746 + 2 « , 261 
HBW 1. , 728 1. .071 0 . 381 -0. , 254 -0. , 030 
+ 0. 153 +1, .440 + 0 . 179 + 0. ,348 +1. .054 
SL 0. 458 -0. .060 0 , . 006 -0 . 410 0. 308 
+ 0. 009 + 0, .094 + 0 , .012 + 0 . ,023 + 0. , 069 
32BW 2. 603 0. 016 0. .380 -0. ,047 0 . ,123 
+ 0 < .171 + 1, .606 4-0, .199 + 0 . .388 +1. , 176 
32EW 1. 057 -0. 904 -0. .058 0. ,140 0. ,845 
+ 0. 124 +1. 168 + 0 . 145 + 0 < . 282 + 0 . 855 
32EW/32BW 1. ,692 -0, .689 0, .0001 0. .017 1. , 234 
+0. ,410 + 3. .853 + 0. 478 + 0 , .930 +2. , 821 
22BW/SL 1, .102 0, .883 0 , .162 -0. .280 0. 601 
+ 0. 131 +1, .232 + 0, .153 + 0 .  297 + 0. 902 
^Components and standard errors were multiplied by 1,000. 
Table 36. Genetic cind environment causal components^ of covariance of the 
production traits for line Q based on Bohidar's model 
2 2 2 2 _2 Trait 
"A W o o 
Rate-p 0.338 -1.548 0.240 0.303 10.004 
+0.444 +4.171 +0.517 +1.007 +3.054 
Rate-r 8. 956 -7.471 -2-524 2.400 35.826 
+1.717 +16.140 +2.000 +3.897 +11.815 
Rate-T 2.839 -1.643 -1.117 0.350 7.142 
+0.724 +6.978 +0.865 +1.685 +5.108 
Egg Mass 1.888 -1.483 -0.004 -0.008 9.807 
+0.393 +3.691 +0.458 +0.891 +2.7 02 
EFFIC. 3.033 -5.051 -0.641 0.739 13.107 
+0.699 +6.567 +0.814 +1.585 +4.807 
^Components and standard errors were multiplied by 1,000. 
Table 37. Percentages of the total variance of the body and egg weight traits based on the 
Bohidar's model 






















8BW 3.974 42 -46 104 3.278 64 -78 114 
HBW 3.163 46 5 49 2.896 60 50 -10 
SL 0.648 63 37 0 0.670 68 -8 40 
3 2BW 3.027 60 -18 58 3.076 85 13 2 
32EW 1.086 97 -56 59 1. 080 98 -89 91 
32EW/32BW 2.732 59 -60 101 2.254 75 -30 55 
•22BW/SL 2.653 39 -49 110 2.469 45 42 13 
^The total variance was multiplied by 1,000. 
Table 38. Percentages of the total variance of the production traits based on the Bohidar's 
model 



















Rate-p 14. ,427 5 19 76 9. .345 4 -14 110 
Rate-r 59. .885 22 47 31 37. .188 24 -27 103 
Rate-T 22,  .112 19 39 42 7. ,570 37 -36 99 
Egg Mass 15. 505 25 37 38 10. ,199 18 -14 96 
EFFIC. 16. ,626 25 -38 113 11. ,187 27 -50 123 
^The total variance was multiplied by 1,000. 
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The standard errors of the additive genetic components were 
smaller for the body and egg weight traits than for the 
production traits. For example, in line A, the additive 
genetic component for 8 week body weight was 1.66 + 0.26 
-3 (x 10 ) but for partial rate of egg production it was 
0.75 + 0.65 (x 10 ^). This shows that the estimates 
of the additive genetic components for the production 
traits are less reliable than those obtained for the body 
and egg weight traits. 
For most of the traits, when the additive genetic 
component was contrasted with the nonadditive genetic 
component and the remainder, in relation to the total 
phenotypic variance, the results agreed closely with those 
obtained with Willham's model. Again, line Q proved to be 
genetically more variable than line A for most of the body 
and egg weight traits, but not for the production traits. 
The results of this analysis, using Willham's and 
Bohidar's model, suggest that differences in the additive 
genetic component are large among the traits. Partial rate 
seems to be less heritable than total rate based on Bohidar's 
model, and this agrees with the heritability analysis pre­
sented in Tables 18 and 20. 
It was not possible to express the relative importance 
of each component in percentages of the total variance, 
since many negative values were obtained. However, when the 
88 
additive genetic, nonadditive genetic and a remainder was 
expressed in percentages relative to the total variance, 
some cases occurred in which the percentages were nega­
tively large; in some cases greater than 100. This demon­
strates a limitation of this analysis because of the 
restriction that all quantities taking into account sign, 
must add up to 100. 
No clear-cut differences were obtained by fitting 
either Willham's or Bohidar's models to the set of estimated 
covariances. It can be hypothesized that the causal compo­
nents other than the additive component are not important 
for the traits studied in these two lines and that the 
several negative values obtained were mainly due to sampling. 
Evidently, the nonadditive components have true values close 
CO zero, and in view of the large standard errors of the 
estimates, negative values are expected with almost the 
same frequency as positive values. 
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DISCUSSION 
The main purpose of this study was to get unique esti­
mates of components of variance and covariance of quanti­
tative traits, i.e. additive, dominance, maternal and sex-
linkage from a set of equations based on the models sug­
gested by Willham (1963) and Bohidar (1964) . Twelve economi­
cally important traits were studied in two populations of White 
Leghorn chickens. The purpose of a second line was to use 
one as a check on the results obtained for the other. The 
second part of this study was concerned with obtaining a 
reliable estimate of the additive genetic component of the 
traits by averaging the heritabilities estimated from five 
different methods. 
Genetic Components of Variance 
and Covariance 
Initially, an attempt was made to equate the six esti­
mated covariances, i.e. full-sibs, half-sibs, 3/4 sisters, 
dam-daughters, grandaia-granddaughters and aunt-nieces 
covariances to their expectations by arbitrarily limiting 
the number of unknowns to six and solving the simultaneous 
set of equations. However, this procedure does not yield 
estimates with minimum variance. Although the results 
are not given here, the expected values of components such as 
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2 2 
and must never be less than zero. Yet, the esti-
m o 
mates turned out to be large and negative in all cases. 
The sampling errors of the estimated covariances and 
the within full-sibs variance were assumed to be inversely 
proportional to the number of records entering in their 
estimation. A weighted least squares procedure was then 
applied to the set of equations formed by each of the two 
models proposed by Willham and Bohidar. Again, negative 
values were obtained for several of the components and the 
best explanation seems to be sampling errors. Although the 
estimates of additive components were consistent in both 
models, the estimates of nonadditive components were generally 
highly erratic. It was hypothesized that these were small 
and probably negligible for the traits studied. Similar 
results were reported in a study by Van Vleck and Hart 
(1966). They concluded that additive effects determined 
the only important genetic component and contributed 38% 
to the total variation in first lactation milk records of 
Holstein cows. 
When the total variance was divided simply into an 
additive and a nonadditive genetic component plus a re­
mainder (Tables 31 and 32) using information from the re­
sults of Willham's model, the relative importance of the 
additive component to the total variance turned out to be 
almost the same as that obtained for the additive component 
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from a half-sib analysis (Tables 16, 17, 18 and 19). a simi­
lar partition of the total variance (Tables 37 and 38) 
using the results obtained from Bohidar's model indicated 
that the size of the additive component was intermediate 
to those estimated from dam-daughter, grandam-granddaughter 
and the aunt-niece analyses (Tables 16, 17, 18 and 19). 
This can be explained in terms of the particular set of 
relatives used in the analysis. The only nonzero coeffi­
cient of the expectation for the half-sib covariance using 
Willham's model is that for the additive component (Table 
9). However, when Bohidar's model is used the expectation 
of the covariance between dam-daughter, grandam-granddaughter 
and aunt-niece all depend exclusively on the additive 
component (Table 10). 
In applying the weighted least squares procedure it is 
possible to delete column vectors of the expected coeffi­
cients associated with specific components of variance to 
test the null hypothesis of whether the deleted variables 
contribute significantly to the variation in the quantita­
tive trait. However, this method requires the inversion 
of the reduced matrix for each model because the vectors 
of the matrix of coefficients are not mutually orthogonal. 
The deletion of a variable leads to biased estimates if 
it is correlated with the remaining variables. Caution, 
therefore, should be taken in deleting variables from the 
92 
model. 
Negative covariances between additive effects and 
maternal effects (-0^ ^  ) have been reported in the litera-
o m 
ture for several traits of economic importance. Dickerson 
(1947) reported a negative value between additive and 
maternal effects in weight gain of pigs while Everett and 
Magee (1965) reported a negative covariance between genetic 
and maternal ability for both birth weight and gestation 
length in Holstein cows. In the flour beetle, Tribolium 
castaneum, a negative correlation between the additive and 
maternal effects has been reported for both pupa weight and 
family size (Bondari, 1971). However, these estimates 
are usually subject to large sampling errors. 
A negative covariance indicates that certain genes have 
opposite effects on the direct (additive) and maternal 
components of the character. As a consequence, attempts 
to increase one component brings an unfavorable change in 
the other. 
Several workers (e.g. Dickerson, 1947, Willham, 1963, 
Koch and Clark, 1955) have discussed extensively the conse­
quences of such negative correlations between direct and 
maternal effects in a selection program as they apply to 
mammals. Yet, the same reasoning may also apply to poultry. 
For example, if there is a negative covariance between the 
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direct and maternal effect for egg production, dams which 
transmit genes for higher egg production may provide poorer 
nutritional substances in the eggs required for normal 
embryonic development. On the other hand, dams which 
transmit genes for lower rate of egg production would 
produce eggs with adequate nutritive substances to insure 
normal embryonic development. 
Positive values for the covariance between maternal 
and direct effects were observed in our study for most 
traits. However, due to the large sampling errors and the 
ignoring of some effects which might have been important 
(e.g. epistasis) in the estimation of the genetic components, 
both the sign and the magnitude of the covariances remain 
uncertain. If the estimates of the covariance between 
maternal and direct effect are close to the true values, 
the results suggest that many genes have a common effect 
on both the direct and maternal effects. 
The results presented in Tables 27, 28, 29 and 30 show 
that the estimates of the additive component were positive 
with relatively small standard errors for all traits while 
the nonadditive genetic components were highly erratic. 
For the body and egg weight traits, the dominance estimate 
2 (£Tj^  ) was negative in 9 of 14 estimates. Similarly the 
° 2 
maternal component estimates (o ) were negative in 7 of 14 
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cases but the additive-maternal estimates (a ) were nega-
o m 
tive in 6 of 14 estimates. Similar results were obtained 
for the production traits. This suggests, once more, that 
these estimates are small and subject to large sampling 
errors and very probably are negligible for the traits 
studied in these two populations. 
Heritability 
Heritability is a measure of the relative importance 
of additive genetic variance to the total phenotypic 
variance among individuals in a particular population. 
From five different methods examined to estimate heri­
tability, an average heritability was obtained for each 
trait. This should be more reliable than any single esti­
mate. The method used to control extraneous sources of 
variation in obtaining the estimates was to restrict the 
comparisons to groups of birds contemporary for year and 
line. The results obtained for most traits agreed with 
the heritability estimates compiled from the literature by 
'K'-inno-j? f 1 QAQ ^ 
An important result given in Tables 17 and 19 is that 
the heritability estimates for total rate of egg production 
were consistently higher than those for partial rate of egg 
production. The heritability of the former and latter 
averaged over the five methods and over both lines were 0.23 
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and 0.07, respectively. That for partial rate of egg 
production agrees well with that reported by Casey (1970) 
based on an average over ten lines one of which was line A 
used in this study. The low heritability of partial rate 
of egg production may explain the common opinion expressed 
today that mean egg production in commercial flocks has 
advanced little in spite of selection (Clayton, 1971). 
Bohren (1970) deduced that selection on the part-
record, based either on number of eggs or on percent produc­
tion, should increase the annual or total egg production 
more efficiently than selection based on the total rate. 
This seems quite logical since the generation interval to 
obtain a part-record is just half that of a full-record. 
The expected relative selection efficiency of the two 
criteria for a constant selection differential is 
Efficiency = k r hp/h„ 
PF 
(Searle, 1965) where r^ is the genetic correlation between 
PF 
the part-record and full-record and hp and are the square 
roots of the heritability estimates of the respective 
records; k is the ratio of generation interval required to 
obtain each kind of record. If it takes two years per 
generation when selecting on the full-record and one year 
when selecting on part-record and if the average parameter 
estimates from this study are substituted into Searle's 
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formula, the predicted efficiency is 
Efficiency = 2/1 /O.07/0.23 = 0.78 
This leads to disagreement with both Bohren's (1970) 
and Casey's (197 0) conclusions. However, Casey used an 
estimated heritability based on a wide array of lines 
selected for different traits. If Casey had considered only 
the average of line A and J which were selected for rate of 
egg production,his efficiency estimate would have been 0.84 
which is near that derived from this study. Thus, selection 
on the part-record may be less efficient than selection on 
the full-record in spite of the shorter generation interval, 
and for a genetic correlation of 0.71 selecting on the part-
record would be more efficient only if the ratio of the two 
heritabilities is greater than 0.60. Bohren (1970) sug­
gested that further experimental evaluation of this question 
would be desirable. Simultaneous selection for both cri­
teria seems to be needed to give a more complete answer. 
Another question is whether selecting on the part-
record will increase the residual rate of egg production. 
This can be viewed in terms of the expected correlated 
response in the residual rate when selection is based on 
the part-record. The formula for an expected correlated 
response is (Falconer, 1960), 
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E (CR) Y = .1. h%hyrg Gpy 
where 
i = standardized selection differential 
h^ and h^ = square roots of the heritability estimates 
for each trait 
8p = phenotypic standard deviation of the trait Y 
r = genetic correlation between traits X and Y g 
Expressing the expected correlated response in the 
residual rate as a ratio of the directed response in the 
part record, the formula is 
E(CR)^ _ Ay 
e(5R)^  = 4 s" ' "9 
So that 
2.04 
which means that for each unit of gain in the partial rate 
of egg production the expected gain is 2 units in the 
residual rate. 
Genetic Correlations 
Genetic correlations between traits can result from 
pleiotropic effects of genes and from linkage disequilibrium. 
Genetic correlations due to the latter requires an excess 
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of genes linked in the coupling phase. Such correlations 
should decrease with an approach to linkage equilibrium. 
Because high genetic correlations have been reported 
frequently in the literature for egg and body weight, the 
most reasonable basis for the strong genetic correlation 
is probably pleiotropy. 
Genetic covariances between traits may be partitioned 
in the same way that genetic variance is partitioned under 
inbreeding. As the within-line covariance approaches zero, 
the genetic correlation would also approach zero. The 
higher heritabilities and genetic correlations observed 
in line Q than in line A are probably accounted for on 
this basis. The genetic correlation between body weight 
and egg production may change with selection for extremes 
in body weight or egg weight= Casey (1970) reported a 
negative genetic correlation between both body weight and 
egg weight with rate of egg production in the lines selected 
for high body weight and egg weight but the genetic correla­
tions were positive in the lines selected for rate of egg 
production. In this study the genetic correlation between 
body weight at different ages with rate of egg production 
was positive in most cases. The genetic correlation between 
the efficiency index (EM/BW) and body weight was negative. 
This is expected simply because the efficiency index, as 
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defined, is inversely proportional to body size. 
Complex Traits 
A complex trait as defined in this study is determined by 
two or more directly measurable single traits. An example is 
egg mass which is the product of rate of production and egg 
size. 
Rate of egg production is not an appropriate criterion 
of selection because egg weight would be expected to decrease 
as a correlated response. Because egg mass is a function of 
rate of egg production and egg weight, it might be considered 
to be a better measure of total performance. However, the 
total variation in egg mass is more determined by variation in 
rate than in egg weight • (Hicks, 1963). Consequently, the 
heritability of egg mass is closer to that of egg production 
than to egg weight: 
Intuitively, records of feed consumption would be needed 
to accurately measure efficiency of egg production. However, 
efficiency of feed conversion is strongly influenced by body 
weight (Harris, 1969). For this reason, several indirect 
measures of efficiency have been suggested in the literature 
which side steps the problem of recording feed consumption. 
The efficiency index, egg mass/body weight as proposed by 
Casey (1970) is an example. The heritability of this ratio 
was 12% and 19% for lines A and Q, respectively, in this study. 
When selection is based on a complex trait, the relative 
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changes in the component traits would not be controlled. 
For example, if selection is based on the efficiency index, 
changes in rate of egg production, egg weight and body 
weight would not be controlled. Bohren (1970) proposed a 
linear selection index for the efficiency index by taking the 
logarithmic transformation of the egg mass/body weight 
ratio. This can be written as 
I = + W^P^ 
where I, P2 and are in logarithmic units. However, 
this index can as well be defined in original units rather 
than in logarithmic terras. If the main interest is to 
maximize genetic gains in the index, the first problem is to 
determine the weights W^, and . Three different ap­
proaches are possible. 
The first approach is to construct an unrestricted 
least squares selection index (Hazel, 1943) . In theory, 
this approach allows maximization of total gains in the 
index. The genetic gain in the i^^ trait of the 
index is 
A = Z/P r^ I Og = Z/P Cov(G^, I)/o^ 
i i i 
where Z/P is the standardized selection differential and 
r„ is the correlation between the genetic value of the i^^ 
Gi 
trait and the index. 
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A second approach consists in holding some or linear 
combination of the G^'s constant while maximization is made 
in all other terms of the index. This is the restricted 
selection index of Kempthorne and Nordskog (1959). Cunning­
ham et (1970) gave a much more simple solution to the 
restricted selection index than that originally presented by 
Kempthorne and Nordskog. Such an index is of practical 
importance because breeders usually want to make genetic 
improvement in some traits while holding others constant. 
The third approach applies to the cases when breeders 
want to specify gains in the component traits without esti­
mating the economic factors. This is a form of the 
restricted selection index but the economic weights need 
not be estimated. 
The weighting factors can be derived from the following 
equation (Casey, 1970), 
À = [G][w]k 
where the values for the A vector that specifies the arbi­
trary changes in the traits relative to the others and the 
genetic variance covariance matrix G are known and k is the 
standardized selection differential divided by o^. The 
weighting factors can then be obtained by 
W = [G]~^[A] 
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Because the scalar k, is a constant for a specific index, it 
can therefore be ignored. The absolute values of the ele­
ments of the vector are not important; only the values 
relative to one another are important. This index permits 
an index approach to making genetic changes without the 
problem of first estimating the economic weighting factors 
for each trait in the index. 
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SUMMARY 
The main objective of the present study was to obtain 
unique estimates of components of variance and covariance 
including additive, dominance, maternal and sex-linkage 
effects for 12 traits of economic importance in White Leg­
horn chickens. 
Two distinct populations were used for this study, 
one serving as a check on the other. The first, line A, 
consisted of records on 5,511 females from an experiment 
including twelve generations of selection for rate of egg 
production. The second, line Q, was a composite of three 
lines with common origin selected for different criteria of 
efficiency of egg production. A total of 3,601 females with 
complete records was in this group. The traits studied 
vv'S JT g Z 
Body and egg weight traits Production traits 
Eight week body weight Partial rate of egg production 
Housing body weight (20 weeks) Residual rate of egg production 
Shank length Total rate of egg production 
32 week body weight Egg mass 
32 week egg weight Efficiency index 
32 week egg weight/32 week 
body weight 
22 week body weight/shank 
length 
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Six different covariances were calculated between 
relatives, i.e. full-sibs, half-sibs, 3/4 sisters, dam-
daughter, grandam-granddaughters and aunt-nieces. From 
these covariances and the variance within full-sibs, a set 
of linear equations for each trait was formed based on the 
models suggested by Willham (1963) and by Bohidar (1964). 
A weighted least squares solution of the expectations of 
variances and covariances was then obtained for each model. 
Large and negative values for several of the components 
of variance and covariance with high sampling errors were 
obtained for each model. It was hypothesized that all 
components,other than that caused by the additive genetic 
effects, were of minor importance in determining variation 
in the traits studied. If the true values of the components 
v.'cre close to zero,- then negative estimates would be expected 
with nearly the same frequency as positive values. 
Heritability (additive genetic variance) was estimated 
from five different covariances between relatives and from 
these a mean heritability estimate was obtained for each 
trait by weighting each separate estimate by the inverse 
of its sampling variance. Comparisons were restricted to 
groups of birds contemporary for year and line in order to 
control environmental or extraneous source of error variance. 
The results showed that the additive genetic component for 
total rate of egg production was consistently higher than 
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for partial rate of egg production. From an average of 
the parameters estimated from the two populations, the 
efficiency of selecting on the part-record compared with 
selection based on the full-record of egg production was 
predicted to be 78%. This result, therefore, indicates 
that, in spite of the shorter generation interval, total 
genetic gains from selection on the part-record is less 
than that from selection on the full-record. Furthermore, 
this result may help to explain why breeding progress for 
egg production today, on a commercial scale, is seemingly 
reaching a plateau. 
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CONCLUSIONS 
The following conclusions seem justified from a study 
of the results: 
1. The overall estimates of the nonadditive genetic 
components for each of the traits were small compared 
to the additive genetic component, but they seemed 
to be relatively more important for the production 
traits than for the body and egg weight traits. 
2. The large negative nonadditive components obtained by 
fitting both Willham's and Bohidar's models to the set 
of covariances were probably the result of high sampling 
errors so that negative values could be expected almost 
as frequently as positive values. 
3. The estimated genetic component for total rate of egg 
production was consistently higher than that for partial 
rate of egg production. Based on the genetic parameters 
estimated from the data in this study, selection on the 
part-record was predicted to be only 78% as efficient 
as selection on the full-record even though the latter 
requires a longer generation interval. 
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Table 39. Analysis of variance for the data in line A 
Traits Sources d.f. M.S. Variance percentage 
component ^ 





Years 9 0. 630264 1. 12 22.1 
Sires/years 149 0. 019721 0. 39 7.8 
Dams/sires 1155 0. 005399 0. 60 11.8 
Hens 4187 0. 002976 2. 98 2 8 . 3  
5510 5. 10 100.0 
Years 9 0. 481509 0. 80 21.2 
Sires/years 149 0. 020119 0. 50 10.7 
Dams/sires 1165 0. 004650 0. 60 15.8 
Hens 4187 0. 002099 2. 10 52.3 
5510 4. 00 100.0 
Years 9 0. 038602 0. 06 9.2 
Sires/years 149 0. 002922 0. 05 8.0 
Dams/sires 1165 0. 000864 0. 03 12.5 
Hens 4187 0. 000502 0. 50 7 0 . 3  
5510 0. 71 100.0 
Years 9 0. 384821 0. 70 18.0 
Sires/years 149 0. ,020089 0. ,40 12.0 
uams/sires 1165 0. ,004255 0. , 50 15.0 
Hens 4187 0. ,002031 2, ,00 5 5 . 0  
5510 3. ,70 100.0 
Components were all multiplied by 1,000. 
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Table 39 (Continued) 
Traits Sources d. f. _ c Variance M.S. 
component Percent 
32EW Years 9 0. 448953 0.80 43.0 
Sires/Years 149 0. 005541 0.10 5.8 
Dams/sires 1165 0. 001552 0.20 10.0 
Hens 4187 
5510 


















Dams/sires 1165 0. 003412 0.32 10.8 
Hens 4187 
5510 




22BW/SL Years 9 0. 606736 1.10 29.2 
Sires/years 149 0. 012652 0.20 6.5 
Dams/sires 1165 0. 003828 0.50 12.4 
Hens 4187 
5510 





Rate--p Years 9 1. 832635 3.30 18.8 
Sires/years 149 0. 025393 0.30 1.8 
Dams/sires 1165 0. 014423 0.10 0.6 
Hens 4187 
5510 




Rate-r Years 9 3, .025625 5.36 8.2 
Sires/years 149 0, .119169 1.14 1.7 
Dams/sires 1165 0, .0746253 5.23 8.0 









Sources d. f. M.S. Variance^ 
component Percent 
Years 9 1 .680993 3.00 12.0 
Sires/years 149 0 .050452 0.60 2.3 
Dams/sires 1165 0 .028202 2.20 8.7 
Hens 4187 
5510 




Years 9 0 .724033 1.30 7.6 
Sires/years 149 0 -030304 0.40 2.5 
Dams/sires 1165 0 .015962 0.30 1.7 
Hens 4187 
5510 
0 .014812 14.80 
16.80 
8 8 . 2  
100.0 
Years 9 1 .368742 2.46 12.9 
Sires/years 149 0 .033371 0.46 2.4 
Dams/sires 1165 0 .017145 0.32 1.7 
Hens 4187 0 .015842 158.41 83.0 
5510 160.65 100.0 
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Table 40. Analysis of variance for the data in line Q 
Traits Sources d.f. M.S. Variance^ 
component Percentage 
Body and Egg Weight Traits 
8BW Year-line 11 0. ,109542 0.32 8.8 
Sires/years 165 0. 013905 0.48 13.3 
Dams/sires 956 0, 004057 0.59 16.5 
Hens 2468 
3600 




HEW Year-line 11 0, .080883 0.21 6.9 
Sires/years 165 0 .015895 0.62 20.0 
Dams/sires 956 0 .003217 0.44 14.3 
Hens 2468 
3600 




SL Year-line 11 0 .032701 0.09 12.9 
Sires/years 165 0 .003055 0.12 15.2 
Dams/sires 956 0 .000676 0.06 7.6 
Hens 2468 
3600 




32BW Year-line 11 0 .188649 0.56 15.4 
Sires/years 165 0 .020652 0.84 23.1 
Dams/sires 956 0 .003520 0.61 16.7 
Hens 2468 
3600 




^Components were all multiplied by 1,000. 
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Table 40 (Continued) 
Traits Sources d. f. MS. . Variance 
component Percentage 
32EW Year-line 11 0. 045238 0. 12 10.7 
Sires/years 165 0. 006012 0. 24 19.4 
Dams/sires 956 0. 001222 0. 18 14.7 
Hens 2468 0. 000666 0. 67 55.2 

















Dams/sires 956 0. 002397 0, ,27 8.8 
Hens 2468 
3600 






22BW/SL Year-line 11 0. 053333 0, .14 5.5 
Sires/year 165 0. 009823 0, .36 13.6 
Dams/sires 956 0. 002570 0 .22 8.3 
Hens 2468 
3600 







Rate-p Year-line 11 0. 203767 0 .64 6.4 
Sires/years 165 0. ,012861 0 .20 2.1 
Dams/sires 956 0. ,008709 -0 .13 0.0 
Hens 2468 
3600 







Table 40 (Continued) 
Sources d.f. M.S. Variance^ 
component 
Percer 
Year-line 11 0 .176584 0.37 1.0 
Sires/years 155 0 .062734 0.98 2.6 
Dams/sires 956 0 .042076 2.77 7.4 
Hens 2468 
3600 




Year-line 11 0 .146382 0.45 5.6 
Sires/years 165 0 .012064 0.15 1.9 
Dams/sires 956 0 .008791 0.65 8.1 
Hens 2468 
3600 




Year-line 11 0 .177174 0.53 4.9 
Sires/years 165 0 .019406 0.47 4.4 
Dams/sires 956 0 .009926 0.09 0.9 
Hens 2468 
3600 




Year-line 11 0 .323869 1.02 8.4 
Sires/lines 165 0 .020138 0.44 3.6 
Dams/sires 956 0 .011245 0.23 1.9 
Hens 2468 
3600 









Table 41. Line A analysis 
on offspring of 
sire 
of variance using only the data 
full sisters mated to the same 
Traits Sources d.f. M.S. Variance^ 
component Percentage 
Body and Egg Weight 1 'raits 
8BW Years 6 0 .024693 0.51 9.3 
Sires/years 20 0 .012379 0.28 5.2 
Dams/sires 37 0 .008330 1.57 28.8 
Hens 172 0 .003091 3.09 56.7 
235 5.45 100.0 
HBW Years 6 0 .007320 -0.11 0.0 
Sires/years 20 0 .012226 0.60 17.3 
Dams/sires 37 0 .005682 1.20 34.6 
Hens 172 0 .001673 1. 67 48.1 
235 3.47 100.0 
SL Years 6 0 .005119 0.13 19.5 
Sires/years 20 0 .001740 U.14 21.3 
Dams/sires 37 0 .000425 0.01 1.2 
32BW 
Hens 172 0. ,000397 0. ,40 58. 0 
235 0. . 6 8  100. ,0 
Years 6 0. 075039 2. ,40 44. ,0 
Sires/years 20 0, .011210 Û, .58 10. ,7 
Dams/sires 37 0. 004946 1, .06 19, .3 
Hens/dams 172 0, .001419 1, .42 2 6 ,  .0 
235 5, .46 100, ,0 
^Components were all multiplied by 1,000. 
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Table 41 (Continued) 





































2 0  
37 
172 
























0 . 2 0  
0.93 




























Table 41 (Continued) 
Traits Sources d. f. M.S. Variance^ 
component Percentage 
Rate-r Years 6 0, .058263 -0.75 0.0 
Sires/years 20 0 .087751 6.07 11.3 
Dams/sires 37 0 .036484 -3.32 0.0 
Hens 172 
235 




Rate-T Years 6 0 .034027 0.06 0.3 
Sires/years 20 0 .036072 2.30 10.8 
Dams/sires 37 0 .016196 -0.82 0.0 
Hens 172 
235 




Egg Mass Years 6 0 .020778 -0.18 0.0 
Sires/years 20 0 .029438 1.51 12.0 
Dams/sires 37 0 .014053 0.94 7.0 
Hens 172 0 .010924 10. 92 81.0 
2 3 5  12.57 100.0 
Effi­ Years 6 0 .128030 3 . 9 9  23.2 
ciency 
Sires/years 20 0 .020595 0.18 1.0 
Dams/sires 37 0 .017258 1.79 10.4 
Hens 172 u .011274 11.27 65-4 
2 3 5  17.23 100.0 
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Table 42. Line Q analysis of variance using data on off­
spring of full sisters mated to the same sire 
Traits Sources d.f. M.S. Variance^ 
component Percentage 
Body and Egg Weight Traits 
8BW Year-line 5 0.055554 0 . 7 3  16.9 
Sires/years 45 0.009969 0.86 20.0 
Dams/sires 48 0.003514 0.34 8.0 
Hens 2 7 2  
370 




HEW Year-line 5 0.007778 -0.10 0.0 
Sires/years 45 0.012649 1.47 44.7 
Dams/sires 48 0.002064 0.11 3.3 
Hens 2 7 2  
370 
0.001704 1.70 
3 . 2 8  
52.0 
100.0 
SL Year-line 5 0.009549 0.11 11.4 
Sires/years 45 0.002574 0.28 2 9 . 2  
Dams/sires 48 0.000569 0.00 0.0 
Hens 2 7 2  0.000569 0.57 59.4 
370 0.96 100.0 
32BW Year-line 5 0.009001 -0.13 0.0 
Sires/years 45 0.015304 1.82 50.9 





4 4 . 3  
100.0 
Components were all multiplied by 1,000, 
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Table 42 (Continued) 
Traits Sources d. f. M.S. Variance^ 
component Percentage 
32EW Year-line 5 0. 009621 0.08 6.3 
Sires/years 45 0. 004224 0.46 35.9 
Dams/sires 48 0. 000869 0.06 4.3 
Hens 2 7 2  0. 000687 0 . 6 9  53.5 














3 2 . 3  
Dams/sires 48 0. 001857 0. 07 2 . 6  
Hens 272 
370 
0. 001613 1.61 
2 . 8 7  
56.0 
1 0 0 . 0  
2 2BW/SL Year-line 5 0. 000464 -0.15 0 . 0  
Sires/years 45 0. 008731 0 . 9 3  34.8 
Dams/sires 48 0. 002008 0.12 4.4 
Hens 2 / 2  0. 001615 1.62 r r\ n uv.u 
370 2.67 100.0 
Production Traits 
Rate-p Year-line 5 0. 079742 1.09 7.0 
Sires/years 45 0. ,013085 0.22 1.4 
Dams/sires 48 0. .012032 — 0.66 0.0 
Hens 272 
370 





Table 42 (Continued) 
Traits Sources d. f. M.S. Variance^ 
component Percent 
Rate-r Year-line 5 0. 058657 0.09 0.3 
Sires/years 45 0. 049671 2 . 5 4  9.4 
Dams/sires 48 0. 029630 2.25 8 . 3  
Hens 272 
370 




Rate-T Year-line 5 0. 055413 0.62 6 . 4  
Sires/years 45 0. 016369 0.94 9.7 
Dams/sires 48 0. 009252 0.47 4.9 
Hens 272 
370 




Egg Mass Year-line 5 0. 064982 0.73 4.5 
Sires/years 45 0. 019431 1.07 6.6 
Dams/sires 48 0. 012319 -0.65 0.0 
Hens 27 / 0. niâûhl 14.46 88.9 













4 . 2  '  
4.7 
Dams/sires 48 0. ,015918 0.41 2.5 
Hens 272 
370 
0. 014550 14.55 
16.41 
88. 6 
100.0 
